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Abstract
This thesis details the work carried out to analyse dielectrics for possible use as 
replacement gate materials for silicon dioxide in conventional CMOS 
transistors. The four year project analysed many materials, however two 
promising candidates were identified and further analysis and development was 
carried out. The first material was amorphous hafnium silicate, (Hf02)x(Si02)i- 
x. The electronic k-value and the optical dielectric fmictions were both seen to 
increase with hafnium content, however, as expected the band-gap of the film 
decreased. Trapping levels were observed using spectroscopic ellipsometry 
(SE) and as previously reported occurred deeper with increasing silicon content 
up to 50%. A density estimation technique was proposed using the Clausius- 
Mosotti equation and the change of density was studied with composition. The 
accuracy was within 15% that of a standard technique using x-ray reflectometiy. 
SE, medium energy ion scattering (MEIS) and transmission electron microscopy 
(TEM) were also compared as a thickness measurement technique.
The second material studied in depth was gadolinium oxide. Reducing the 
initial interfacial layer (IL) was found to decrease the capacitive equivalent 
thickness (GET) of the stack after rapid thermal anneal (RTA) for thick layers. 
However, residual oxygen during the RTA process limited the GET reduction 
for thin initial IL. An RTA procedure was developed to avoid the GET limiting 
IL re-growth and the requirements for the 45nm node for low standby power 
were achieved within a manufacturable process. A study was made to match the 
performance of the e-beam evaporated layers using Atomic Layer Deposited 
(ALD) silicated gadolinium oxide films. Silicon incorporation was realised 
during deposition and also by interfacial layer consumption during RTA. For 
silicon incorporation during deposition, the highest permittivities were seen for 
the lowest deposition temperatures and the band-gap for thinner samples was 
close to that measured for epitaxial gadolinium oxide. For the gadolinium 
silicate layers formed using RTA the silicon incorporation was observed to 
reverse the crystallisation of the gadolinium oxide at high temperatures. The 
ALD layers were unable to meet the ITRS 45nm node requirements due to both 
precursor growth rate instability and due to the same residual oxygen problem 
seen in the e-beam evaporated samples.
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Chapter 1
Introduction and motivation
“I haven’t failed. I have just found 10,000 
ways that won’t work”
A famous quote by THOMAS EDISON while developing an electric 
storage battery, which could also aptly describe the field of high-k
dielectrics research.
1
1. Introduction
The aim within this section is to summarise the content of the thesis and list the 
new techniques that have been developed and key research results that constitute 
the main contributions of the PhD study.
In chapter one, the subject of scaling is addressed; that is, how the limitations 
encountered by the requirement for ultra-thin silicon dioxide set an ultimate 
limit for the 45nm node and beyond. It is also discussed how high-k dielectrics 
provide an extension to conventional scaling techniques by replacing the 
standard silicon dioxide gate oxide with materials with a higher relative 
permittivity.
Chapter two covers the theoiy, fitting techniques and parameter extraction for 
non-destructive thin film measurements using spectroscopic ellipsometry (SE) 
which is used extensively in this work. On similar lines, chapter 3 contains 
descriptions of other analytical techniques which have been used in the work, 
namely the electrical characterisation techniques of capacitance-voltage (CV) 
and current-voltage (TV) on MOS capacitors, together with the physical 
techniques of transmission electron microscopy (TEM), x-ray diffraction (XRD) 
and x-ray reflectometry (XRR).
Chapter four opens with a review of hafnium oxides and silicates and then 
results for hafnium oxide and hafnium silicate films are reported. These 
materials are the main competitors for the replacement of silicon dioxide as the 
gate oxide for the 45nm technology node, and are in fact, already integrated into 
Intel products. The chapter first covers ellipsometry measurements of thin 
MOCVD hafnium oxide/silicate layers and includes extraction of dielectric 
stack thicknesses, optical constants and band gaps for all of the layers, and in 
particular, showing how they change with silicon content in the layer. Results 
in the infra-red regime, are used to de-convolute contributions to the optical 
constants and show possible composition control problems during deposition. 
These results were successfully correlated with those from medium energy ion 
scattering (MEIS) measurements.
A new technique has been developed, for physical density estimation based on 
the modified Clausius-Mosotti equation. The relationship between silicon
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content in the hi-k layer and the physical density was studied. Results are 
compared with another physical density measurement technique, namely XRR. 
Finally electrical measurements were carried out and an optimum composition 
for a hafnium silicate high-k replacement layer was proposed.
Chapter five begins with a review of oxides from the lanthanide series which 
serves to establish the motivation for considering gadolinium oxide as the focus 
for the project. It was found that silication of the gadolinium oxide layer proved 
beneficial to establishing acceptable values for the key metrics of leakage 
current and capacitance equivalent thickness (CET), within a manufacturing 
process. The silication was realised by deliberate consumption of the ultra-thin 
interfacial layer (DL), which happens naturally during the drain activation 
anneal step in a CMOS manufacturing process. An etching study was 
performed on thin thermal silicon dioxide to establish a process to control DL 
thickness and hence to allow the study into the effect of IL thickness on e-beam 
evaporated gadolinium oxide film properties. Residual oxygen in the processing 
chamber was found to be a limiting factor and so an annealing process was 
developed to avoid this occurrence. The CET and leakage current density of 
silicated, e-beam evaporated gadolinium oxide are shown to meet the target 
requirements for the 45nm technology node, set within the ‘Academic Cluster’ 
work package 2.3 of the PULLNANO European project. The work within the 
thesis played a significant role in establishing this technology. The Academic 
cluster comprises of The University of Liverpool, Departments of Electrical 
Engineering & Electronics together with the Materials Science and Engineering 
Department, The Tyndall National Institute (Eire), AMO GmbH (Germany) and 
Chalmers Institute of Technology (Sweden) who collaborate under the name 
“High-k gang”.
Atomic layer deposition (ALD) is seen as a more industr ially viable deposition 
method so two methods of introducing silicon into the gadolinium oxide layer 
were developed, in line with the experiments on e-beam evaporated samples. A 
study was undertaken to optimise the process using spectroscopic ellipsometry 
analysis as a measurement tool. The growth rates and optical constants were 
studied and the relationship between oxide band gap and deposition parameters
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was established. The density relationships were also extracted using the 
physical density estimation method and correlated to the silicon content.
The samples were also analysed using MEIS, TEM, CV/IV and XRD and 
conclusions drawn from considering the relationships between electrical 
properties and annealing temperatures and silicon content. GET values for the 
ALD deposited stacks were found to be inferior to those of the e-beam samples. 
It is suggested that this disparity relates to problems with precursor growth 
instabilities which resulted in thicker than expected high-k layers and also due 
to the presence of residual oxygen during annealing.
Chapter 6 concludes the study and contains a discussion and summary of the 
work and results detailed in the thesis. Finally, future work is proposed.
1.1 Scaling
The success of complementary metal oxide semiconductor (CMOS) integrated 
circuit technology has much to do with the ability of the silicon based 
microelectronics industry to solve many technological requirements and so 
allow expansion into more markets than originally thought such as 
telecommunications, mobile computing, photography and video game 
entertainment. These requirements include increased speed, low off-state power 
and the ability to operate with a large range of power supply and output 
voltages. The method by which this has been achieved was via a process called 
‘scaling’ [1-3]. Scaling is a term which describes the calculated reduction in the 
dimensions of the elemental device upon which CMOS technology is built, 
namely the MOSFET. Scaling has allowed CMOS to expand into both the 
markets of high power, high performance communications and also low power 
applications. It is true to say that it is the extremely good properties of the gate 
dielectric, SiOa which has been used for CMOS technology since its inception, 
which has allowed the technology to scale to the dimensions seen today. If a list 
of the requirements of the ideal gate dielectric were proposed they would be that 
the film:
• Could be grown repeatedly and uniformly
• Would contain none or minimal oxide charge and defects
• Would be a good diffusion barrier and be thermally stable
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• No leakage current under operating conditions
• Large breakdown voltage and time to breakdown
If the properties of Si02 are then considered with these in mind, then it is easy to 
conclude that it is a remarkable material being electrically and thermally stable, 
with a high quality Si-SiC>2 interface and also has good isolation properties [4]. 
Furthermore Si02 grown within a modern CMOS process, can routinely be 
produced with low defect charge densities of ~1010cm'2, mid-gap interface state 
densities of -lO^cm^eV"1 and breakdown fields as high as 15MV/cm [4], 
Achieving comparable properties from other replacement oxides presents a 
substantial challenge for the semiconductor industry and academia.
The need for scaling is a result of the continual market demand for increased 
functionality and higher performance at a cheaper cost. This has resulted in the 
semiconductor industry continually attempting to increase the density of chips 
manufactured on a single wafer [2]. The International Technology Roadmap for 
Semiconductors (ITRS) is a service sponsored by the leading companies in the 
semiconductor industry to predict the scaling requirements for future CMOS 
generations. Every two years the panel of experts involved in this service 
publish the ITRS report predicting the scaling requirements for the 
semiconductor industry for up to 15 years into the future. These scaling 
requirements relating to the gate dielectric for low standby logic as reported in 
the ITRS 2008 update are shown in table 1.1 [7].
5
Year in production 2008 2009 2010 2011 2012 2013 2014 2015
Application specific 
integrated circuit 
(ASIC) Metal 1 '/2
Pitch (nm) (contacted)
59 52 45 40 36 32 28 25
Lg: Physical Lgate for 
High Performance
Logic (nm)
29 27 24 22 20 18 17 15
Lg: Physical gate
length for LSTP
Extended planar bulk 
and double gate (DG) 
(nm)
38 32 29 27 22 18 17 15
Ultra-thin body fully 
depleted (UTB FD) 
(nm)
20 18 17
EOT: Equivalent
Oxide Thickness
Extended planar bulk 
(nm)
1.6 1.5 1.4 1.3 1.2 1.1
UTB FD (nm)
DG (nm)
1.2 1.1 1.0
1.1
■Igjimit* Maximum gate 
leakage current density
Extended planar bulk 
(mA/cm2)
81 94 110 120 140 150
UTB FD (A/cm2) 150 170 180
DG (A/cm2) 190
Table 1.1 - Table showing the ITRS scaling roadmap requirements until the 25nm
process node |7|
A major problem with the process of scaling is that the gate oxide must be 
reduced in thickness and the CMOS process is now reaching gate oxide 
dimensions which both threaten device lifetime and result in unacceptably high 
values of tunnelling related, gate leakage current [5]. The semiconductor 
industry is currently looking into many possible solutions for improving device 
performance further by using alternate routes to traditional scaling such as high 
mobility channel materials. The proposed solution to the challenge of scaling 
the gate oxide is to employ metal gates and high-k dielectrics as a replacement 
for Si02 [6].
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1.2 Silicon dioxide
There are two key material properties of Si02 which are important for MOS 
device operation and these are the band-gap together with associated oxide- 
semiconductor band offsets and its reliability under pro-longed circuit operation.
1.2.1 Silicon dioxide band-gap
It has been reported by Muller et al [9] and Tang et al [10] that the band-gap of 
Si02 is established once two or three mono-layers of Si02 are formed. Neaton 
et al [11] proposed that this could due to the fact that in the first monolayer, the 
oxygen atoms do not have the full complement of six oxygen neighbours and so 
cannot form the bulk Si02 bandgap. The second monolayer is the first layer to 
have oxygen atoms surrounded by six neighbouring oxygen atoms. Note that 
the top interface of the film will also not have six neighbouring atoms due to the 
termination of the film and so it is expected that there is a minimum of 3 
required monolayers of Si02 before the film has a full bulk bandgap value. 
Considering the normal bond lengths of the Si02 structure, this requirement 
translates into a fundamental minimum oxide thickness of 0.7-0.8nm [11]. 
However above this value it has been reported that there is very little change in 
the key physical characteristics of Si02 such as the conduction band offset 
between Si02 and Si [12] and the effective tunnelling mass [13]. Even though 
there is not such a change in physical characteristics of Sx02 below 2nm, the 
magnitude of the leakage currents are veiy large. Taur et al [14] reported 
leakage current densities for silicon dioxide films of thicknesses between 1.0- 
3.5nm and these can be seen in figure 1.1 below. It is apparent from the figure 
that a 1.5nm silicon dioxide film cannot meet the ITRS leakage current 
requirements for the 45nm node using a viable value of operating voltage.
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1.E+05
1.E+03
1.E+01
1.E-01
1.E-03
1.E-05
1.E-07
1.E-09
Gate bias, V
Figure 1.1 - Leakage current densities for ultra-thin silicon dioxide films reported
by Taur et al |14]
1.2.2 Silicon dioxide device lifetime
CMOS devices are required to be designed for a working lifetime of at least ten 
years and so if the dielectric cannot survive this stringent requirement then the 
technology will be a commercial failure. The breakdown of ultrathin Si02 films 
is thought to follow a percolation model whereby there is creation and build-up 
of defects within the oxide. After a certain level of electrical and thermal stress 
arising from normal operating conditions, a complete path of defects can form 
across the thickness of the oxide [15, 16]. This point defines the breakdown and 
hence the failure of the oxide, however, self-heating due to high current density 
within a given percolation path can ‘self-heal’, due to localised heating and 
associated annealing-out of the defects [6].
The lifetime of a device is usually quantified in either the charge to breakdown, 
Qbd, or the time to breakdown, TBd- These are related by the equations below 
[18].
Qbd = NbD/Pg (1.1)
r — Qbd /
BD~ 'Jg (1.2)
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Here NBd is the critical defect density, PG is the defect generation under stress 
and JG is the gate leakage current density. The critical defect density was 
extracted by Degrave et al [17]; the defect generation was studied by Stathis et 
al [18] and it was determined that the charge to breakdown was independent of 
the oxide thickness for silicon dioxide films of less than 3nm. However the 
leakage currents for ultra-thin silicon dioxide films increase exponentially in 
spite of the scaling of supply voltage and this reduces time to breakdown 
significantly. Using the published values from Degrave [17] and Stathis [18] 
the time to breakdown has been calculated for silicon dioxide films less than 
3nm and the results are shown in figure 1.2 plotted versus the supply voltage.
1.E+19
Test structure:
Tox=3nm A=5e-4cm-2
F=50%
T=25°C
1.E+16
1.E+13
2.5nm
1.5nm
1.E+04 .. x(Ftest/F0.01%7^ 
■ x(0.1cm2/Atest)
— 10years@10%duty
1.E+01
1.E-02
Gate bias, V
Figure 1.2 - Graph showing the estimated time to breakdown for devices with a 
silicon dioxide gate dielectric less than 3nm thick plotted versus supply voltage |5|
Skotnicki [5] rescaled the calculations to convert the time to device breakdown, 
to the time to breakdown for a circuit and predicted that a silicon oxide gate 
dielectric of 1.5nm cannot meet the requirements for any supply voltage. A 
thicker film of 2nm was required to allow supply voltages of less than 0.5V, to 
meet the same 10 year requirements. This condition is not viable due to 
unavoidable threshold voltage variance. This means that silicon dioxide as a 
gate insulator cannot meet the time to breakdown requirements for the 45nm 
technology node which requires an EOT of 1.4nm. The predictions made by
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Skotnicki [5] based on the published information by Degrave [17] and Stathis 
[18] were eventually found to be pessimistic, however, the power dissipation of 
devices caused by the leakage currents through the thin oxides (see fig. 1.1) was 
found to be the deciding factor to prevent the use of Si02 below the 45nm node.
1.3 Boron penetration
Boron is used to dope the polysilicon material used as a gate electrode in the 
pMOST transistor in the CMOS process. As the oxide thickness is scaled, 
significant amounts of boron diffuse through the oxide to the channel during 
thermal annealing. For gate dielectrics with thicknesses of a few nanometres, 
diffused boron occurs in unacceptable concentrations within the channel region 
of MOS devices and hence compromises threshold voltage control [19]. The 
boron also causes an increase of oxide leakage current. Boron diffusion can be 
reduced in Si02 by the inclusion of nitrogen within the gate dielectric. This 
inclusion can also bring about other useful attributes such as an increase in the 
k-value of the dielectric and also increase in the time to breakdown of a device, 
by reducing hot electron effects and defect generation in the oxide bulk [20-22]. 
Furthermore, small amounts of nih ogen at the channel interface (~0.1at. %) with 
the oxide have been shown to improve device performance [23]. Inclusion of 
nitrogen into the dielectric does however have drawbacks. Any significant 
amount near the channel interface has been shown to degrade the channel 
mobility and hence the drive current. This mobility reduction has been 
attributed to excess charge arising from penta-valent nitrogen atoms, high defect 
densities due to bonding constraints at the interface (causing increased channel 
carrier scattering) and from defect levels in the Si-nitride layer which reside 
near the valence band of silicon [24]. The major reliability issue, negative bias 
temperatur e instability (NBTI) can also be significantly compromised if too 
much nitrogen is present in the border region close to the channel, with in the 
gate oxide.
Silicon oxynitride dielectrics were seen as the short term solution to the CMOS 
scaling problems with possible maximum scaling limits to an equivalent oxide 
thickness of ~1.3nm [25]. Below this value, high gate leakage and reduced
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election channel mobility due to the need for higher channel doping, limit 
further scaling.
1.4 Other limiting factors for scaling
The physical thickness of the gate oxide differs from the so-called electrical 
thickness in modern CMOS processes. This is because the electrical thickness 
is the distance between the centroid of the charge in the channel and the gate 
electrode. Depletion at the polysilicon gate/oxide interface can occur under 
normal operating conditions [26]. The depletion region is typically of the order 
~0.4nm. The technological challenge is to ensure that the dopant within the 
polysilicon gate reaches right up to the gate oxide interface, but this in turn 
establishes a very steep diffusion profile which exacerbates the effect of boron 
diffusion. Boron penefration is one of the main motivations for the move to 
metal gate materials as these have a Fermi “sea of electrons” right up to the 
dielectric interface and so do not experience problems of gate depletion. The 
other main factor that contributes to the electrical gate thickness for advanced 
devices is that the presence of high channel doping and ultra-thin oxides results 
in a quantum mechanical effect whereby the centroid of the channel charge is 
moved further from the oxide/channel interface. The centroid is positioned at 
0.3-0.6nm below this interface within the silicon and effectively, contributes an 
additional thickness of intrinsic silicon to the dielectric electrical thickness [6].
A further problem relates to the reluctance to reduce supply voltage 
commensurately with scaling rules for transistor dimensions. The higher supply 
voltage leads to an increased electric field in the gate dielectric as oxide 
thickness is scaled. As a consequence, the vertical field in the channel is also 
increased and so exacerbates surface scattering which reduces channel mobility 
in the MOSFET on-condition. Physically, the effect arises because increased 
surface field serves to pull the carriers in the channel closer to the 
channel/dielectric interface where interfacial roughness causes carrier scattering. 
The higher operating voltage also has a major impact on power consumption 
which represents the major issue for further increase in clock speeds and 
integration, in digital CMOS [6].
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1.5 Alternate solutions to scaling
The simple equation for the drive current of a long channel MOSFET for the 
operating condition after pinch-off (VDs > Vgs-Vt), when the drain current, is 
saturated is shown below [4]
j = — ,/r Vgs ~vry 
D Z ^ 0 2 (1.3)
The equation describes the on-current, I0N of the MOSFET and is proportional 
to the speed of a circuit through the relationship, CVDd /Ion where C is the 
capacitance that must charged and discharged during the switching process and 
Vdd is the supply voltage. This equation can be studied for parameters which 
could be engineered to set the drain current of the device. The first that could be 
considered is the factor (Vgs-Vt). This factor is limited by reliability 
constraints, namely time to breakdown, which limit the magnitude of Vgs (= 
VDD) and due to the inability to reduce VT below about 200mV. The latter 
constraint arises from variations in typical operation temperatures (0-100°C), 
causing statistical fluctuations in thermal energy, which could adversely affect 
the value of Vt [6], The value for mobility, p is assumed constant for the 
purposes of this simple situation and so the alterations which would result in an 
increase of drain current is an increase in capacitance or an increase in the ratio 
between the gate width and length, (W/L).
Traditionally scaling meant reducing of the length of the channel, but this in 
turn, results in drain induced barrier lowering (DIBL) and so to avoid this effect 
the substrate doping must be increased. This increase in substrate doping in turn 
increases VT which is then compensated for by decreasing gate oxide thickness. 
However, further reductions in oxide thickness cannot continue for many more 
generations due to the associated exponential rise in tunnelling current, as 
discussed above. This means that to continue scaling, the only path left is to 
alter the capacitance.
Considering the vertical dimension, and ignoring quantum mechanical and 
depletion effects, the MOSFET acts essentially like a simple parallel plate 
capacitor with the gate capacitance described by equation (1.4) below.
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fox (1.4)
where koX is the relative permittivity, or dielectric constant which has a value 
3.9 for Si02, s0 is the permittivity of free space, Ag is the area of the gate and 
tox is the oxide thickness. If the dielectric is changed from a layer of Si02 of 
relative permittivity ksio2, to one with a relative permittivity k|,i.k and 
thickness ti,i_k, then the thickness of the new dielectric would have the same 
capacitance density as for an equivalent thickness of Si02. This expression 
for equivalent oxide thickness (EOT) under these circumstances is given by 
equation (1.5) below [6].
EOT=tsiQ^t
hi-k (1.5)
This means that if the dielectric in a MOS capacitor is changed from Si02 
(k=3.9) of thickness 2nm to Hf02 (k=30) then the physical thickness of the 
Hf02 can be made to be over 15nm with the same capacitance density. The 
thicker oxide results in a significantly reduced tunnelling current. Dielectric 
films thinner than about 4nm, suffer from direct tunnelling, which results in 
increasingly large values of leakage current density with reducing thickness, 
as was seen in figure 1.1. Also this equation means that if the physical 
thickness of replacement Hf02 is the same as the Si02 then the replacement 
Hf02 will have the same electrical thickness as a Si02 layer scaled to 0.26mn 
but with improved insulation properties.
1.6. Conclusions
The contents of the thesis and main contributions have been summarised in 
this chapter. The motivation for the work has been described through a 
discussion of scaling. The case for replacing the gate oxide material from the 
native oxide of Si to a thicker, high-permittivity one has been made.
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Chapter 2
Spectroscopic Ellipsometry
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2. Spectroscopic ellipsometry
2.1. Introduction
Ellipsometry is a contactless, non-invasive optical technique for measuring 
changes in the polarisation state of light reflected from a surface. It is used 
predominantly to detennine the thicknesses of thin dielectric films on highly 
absorbing substrates but it can also be used to determine the optical constants of 
films or substrates. The technique does not measure these quantities directly but 
rather measures other optical parameters of a sample from which the required 
quantities can be derived.
2.2. The optical constants
The optical constants of a material are defined as parameters which characterise 
how a material will respond to excitation by an electromagnetic field. Consider 
a point inside a material where there exists an externally applied electric field, 
Ef. Then the polarisation, P, can be defined as the additional internal electric 
field induced at this point by the external field, which is modulated by the 
properties of the material. Neglecting any non-linear effects, this polarisation is 
proportional to the external field and is given by equation 2.1 below [1],
P = Xes0Ef (2.1)
where jfe is the electric susceptibility of the material and 8o is the permittivity of 
free space. The displacement, D, can be shown using Maxwell’s equations, to 
be equal to the sum of the externally applied field and the polarisation field as 
shown in equation 2.2 below [1].
D = ^ + Xe)£oEf (2.2)
The dielectric function of the material can then be defined as the constant of 
proportionality between the displacement and the electric field as shown in 
equation 2.3 below where e is that shown in equation 2.4 [1].
D-£Ef
£ = (1 + Xe)£a ~ £r£o = % + j£2
(2.3)
(2.4)
17
where sr is the relative permittivity. Si and e2 are the real and imaginary parts of 
the relative permittivity respectively and £0.is the permittivity of free space, hi 
this analysis, the assumption is that the material is isotropic so the response to 
an applied electric field is equal in all directions. If the film is anisotropic, then 
the scalar permittivity values above will have to be replaced by a tensor, 
described by a 3x3 matrix.
The complex index of refraction, n, is an important parameter describing the 
optical properties of a material. It is related to the dielectric function by 
equation 2.5 below [1].
« = (w + jkn ) ^2.5)
When this notation is used then the wavelength of the film, X of an electric wave 
in the material is determined by the equation below where, ^ is the wavelength 
in vacuum and n is the index of refraction [1],
] — 'WA ~ In
(2.6)
The distance^ d, into the material where the amplitude of the propagating wave 
has been reduced to 1/e of its original value is given by equation 2.7 below 
where k„ is the extinction coefficient. This is equal to the inverse of the 
attenuation coefficient and is the reason why the imaginary part of the index of 
refraction is termed the extinction coefficient [1]. This relationship is used to 
derive the absorption coefficient which can be seen in equation 2.32.
d = Xl2nkn (2.7)
2.3. The Kramers-Kronig relations
The real and imaginary values of both types of optical constants are not 
independent quantities but rather are inter-related and described by the Kramers- 
Kronig relations. These relations are derived from the requirement that material 
cannot respond to an applied electric field prior to the application of the field 
and are shown in equations 2.8, 2.9, 2.10 and 2.11 [1].
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(2.8)
(2.9)
(2.10)
£2{E)= 2 pnfe\-^E'dE’
n \Ea-E1 (2.11)
Here, E is the energy of the incident radiation, P is the principle value which 
occurs when E’ = E, It should be noted that equations (2.8) and (2.9) refer to 
the (n,k) descriptive format of the material optical constants and (2.10) and 
(2.11) refer to the real and imaginary parts of the dielectric function. If the 
absorptive part of the optical constants is known, then the real part can be 
determined using one of the equations above, or vice versa. The main 
implication of the use of the Kramers-Kronig relations in ellipsometry is that if 
the optical constants for a film are extracted from experimental data by using a 
technique which is not Kramers-Kronig consistent, then the extracted optical 
constants must subsequently be examined using a model which is. The real and 
imaginary parts of the optical constants used in such a model must conform to 
the above relations if they are to be considered physically realistic. An example 
of a fitting method which may not be Kramers-Kronig consistent is a point-by- 
point fit as this directly inverts the ellipsometry data to extract the optical 
constant for each wavelength measured independently. This type of fit fails to 
take account of the relationship between the extracted real and imaginary optical 
constants and so risks losing the link with the physical picture. Further 
modelling and, or parameterisation of the optical constants removes this risk.
2.4. Variation of optical constants with frequency
The most important effect underlying spectroscopic ellipsometry is the 
frequency dependence of permittivity. This section contains a treatment of 
these effects.
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The first aspect to consider concerns absorption. For a material under excitation 
by EM radiation, the frequency of an incident electric wave is interchangeable 
with the energy of photons. Photon energy is related to the wavelength of a 
wave by equation 2.12 below [2].
X{pm) = 1.2398
E^eV^ (2.12) 
Dielectric and semiconductor materials are equivalent when discussing optical 
properties and their spectra can be split into two separate regions. The first 
region starts from the photon energy where the material begins to absorb and 
continues to higher energies. This region is caused by the onset of interband 
transitions above the band-gap energy, Eg, and usually the material will be 
absorbing for all energies above that at which absorption begins. Near the onset 
energy, the extinction coefficient and the dielectric permittivity would be 
expected to increase monotonically with energy, as illustrated in figure 2.1, but 
a more complicated dispersion with energy can be seen if there are contributions 
from many different inter-band transitions. An example of an absorption caused 
by inter-band transition can be seen in figure 2.1 and occurs when an electron in 
a bound state in the material absorbs energy from a single photon from the 
incident radiation and jumps to a higher level in the material. Semiconductor 
and dielectric materials exhibit an energy gap in their band structure with a 
Fermi level occurring, usually within this gap.
Figure 2.1 - Illustration showing the imaginary permittivity of a simple material 
and the inter-band transition which occurs to produce this change in permittivity
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Therefore, interband absorption cannot occur until the incident photon energy 
exceeds the energy difference between the highest and lowest occupied energy 
levels. Below the band-gap energy, the extinction coefficient will be zero for 
these types of material and the index of refraction would be seen to decrease 
with decreasing photon energy below the bandap. An important observation is 
that for regions where the extinction coefficient is zero, there should be no 
increase of the index of refraction for decreasing photon energy. This property 
is important when assessing and identifying unphysical results during 
ellipsometric modelling. In metals, the optical constants of the material are 
determined by contributions from inter-band absorption as is the case for 
semiconductor and dielectric materials. However, there are also contributions 
from intra-band and free electron absorption. As a result, the dispersion of 
optical constants of metals is usually expected to be complicated.
Intra-band absorption occurs by the process whereby an electron absorbs a 
photon from the incident radiation but jumps to a different energy state within 
the same band. An example of an intra-band transition can be seen below.
E=hv
Figure 2.2 - Illustration showing an intra-band 
transition
The frequency dependence of the absorptive permittivity spectra has been 
characterised classically by applying a number of relaxation or resonant 
processes, which all occur around a characteristic frequency. This frequency 
represents physically, the reciprocal of the characteristic time of the individual
21
process. This approach is based on the assumption that the material contains 
electrical dipoles, that is, pairs of opposite charges separated by a small 
distance. Dielectric relaxation refers to the response of dipoles and electric 
charges (ionic relaxation) due to an applied alternating field, and can be 
observed in the frequency range 102-1010 Hz. Relaxation mechanisms are 
generally relatively slow compared to resonant electronic transitions or 
molecular vibrations, which typically have frequencies above 1012 Hz. The 
most common processes are depicted in figure 2.3 and are explained below, 
stalling from the high frequency end of the spectrum.
Electronic polarization refers to a resonant process which occurs in a neutral 
atom when the electric field displaces the electron clouds relative to the nucleus 
they surround.
Atomic polarization: A diatomic species of molecule is made up of two atoms, 
A and B where interaction between them causes a redistribution of electrons 
along a line AB. This causes a dipole moment along AB unless the atoms are 
identical in which case, should the dipole be large enough, the material would 
be described as polar. Under the influence of an applied field, the polarization 
of a polar substance will change by the atoms being displaced, thus changing the 
distance between them and hence the dipole moment of the molecule. This is a 
resonant process, usually occming in the infra-red region of the frequency 
spectrum and it is these absorptions which are studied in Infra-Red (IR) 
ellipsometry.
Dipole relaxation: This is caused by permanent and induced dipoles caused by 
the same initial conditions described in the process above, undergoing alignment 
to an electric field. The dipole orientation polarisation is disturbed by thermal 
noise, which serves to mis-align the dipole vectors from the direction of the 
field, and the time needed for dipoles to relax which is determined by the local 
viscosity. These two factors make dipole relaxation heavily dependent on 
temperature and chemical environment. Hence this is a relaxation process.
Ionic relaxation: This is comprised of ionic conductivity and interfacial and 
space charge relaxation. Ionic conductivity predominates at low frequencies and
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introduces only losses to the system. In a real crystal there are a large number 
of defects with such examples being lattice vacancies, impurities and 
dislocations. Free carriers travelling through the crystal under the influence of 
an applied field can be attracted near to or trapped in these defects and this 
causes a localised accumulation of charge. This charge causes an image charge 
on electrodes, thus creating a dipole and this is what constitutes interfacial 
relaxation.
Referring to figure 2.3, the J.A. Woollam M2000UI spectroscopic ellipsometer 
used in this work covers the frequency range 1.77xl0l4-1.25xl015 Hz. The 
frequency range of current CMOS electronics occurs between 108 - 1010 Hz. 
Interestingly, the two components that contribute most to the optical constants 
in the CMOS frequency range are the dipole relaxation (due to orientation) and 
the atomic (or ionic) polarization. Secondly, ellipsometry does not measure the 
optical constants in the same frequency region as the films would operate in 
CMOS devices.
Gl>
ElectronicAtomic
CMOSIntcrfacial ami 
space charge
Orientational,
Dipolar
Radio
Figure 2.3 - Diagram showing the current CMOS frequency range and which 
polarization/relaxation processes contribute to the optical constants in the 
frequency range between 10'2 and 1016 Hz [4|
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2.5. The ellipsometric angles
It is often inconvenient in ellipsometry, to consider separately, how the two 
different directional components of light reflect at a suiface. This is because 
such an approach does not easily allow the consideration of interactions in 
multi-layered stacks. Consequently, ellipsometric angles are used to describe 
how the two reflectance components (p and s) change in relation to each other. 
The ellipsometric angles are described by the equation below [1]
(2.13)
In this equation, RP and Rs are the complex reflectance coefficients as described 
by the Fresnel equations in the parallel and vertical components. It can be seen 
that vjy is an angle which is related to the amplitude of their ratio and that A is 
related to the differential phase shift between the components as further 
emphasised below [1]:
(2.14)
A = AP -As (2.15)
Here AP is the phase shift of the parallel component and As is the phase shift of 
the vertical component.
2.6. Incident plane description
Before physical effects are discussed, it is useful to consider the situation of a 
beam of light incident upon a surface. The light has a ‘plane of incidence5, 
which is perpendicular to the sample, as depicted in figure 2.4 which serves to 
illustrate the orientation. The polarisation state of the incident light is described 
in relation to this plane using the aforementioned components ‘p5 and ‘s’. The 
cp’ component in this notation, describes the component parallel to the plane of 
incidence and es5 describes the vertical component (s=senkrecht which is 
German for vertical) or perpendicular to the plane of incidence.
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Figure 2.4 - Diagram showing plane of incidence (5]
2.7. Description of incidence angle to reflectance proportionality
It is important in ellipsometry to consider the way in which the two components 
of the incident beam (p and s) are reflected depending on the angle of incidence. 
This point is illustrated in figure 2.5, which shows the reflectances for both 
components for a silicon dioxide film and an aluminium film. Figure 2.5a 
shows the reflectance of the light as a function of angle of incidence for Si02 
were 0° corresponds to the angle of normal incidence and 90° corresponds to a 
beam running parallel to the surface of the material (just grazing). It can be 
seen that both reflectance components (Rs and Rp) are equal at the two points 0° 
and 90°. The equality at 0° is because both planes are indistinguishable from 
each other and that at 90° is due to the incident light not actually being incident 
on the surface and so is just passing parallel across the surface into the detector, 
giving a reflection reading of 100%.
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Reflectance of Bulk SI02,632.8nm
0.80
£ 0.60 .
« 0.40
o.oo bn
Angle of Incidence (°)
Reflectance of aluminium, 632.8nm
Angle of Incidence (<>)
Figure 2.5 - Graphs showing reflectance’s for (a) silicon dioxide and (b) aluminium
for various incidence angles) 11
Also from the Figure, it can be observed that the measured reflectance of both 
components reacts veiy differently for both materials, with change of incidence 
angle. The ‘s' component increases at an increasing rate towards total incident 
light reflectance and the ‘p’ component decreases until it reaches a minimum 
and then starts to increase rapidly towards the condition of total incident light 
reflection. The angle at which the p-component is at a minimum is known as 
the polarisation or the ‘Brewster’s angle’ and it is around the vicinity of this 
angle that spectroscopic data readings are ideally taken because it is at this angle 
that the ellipsometry measurements are most sensitive to film characteristics. It
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can also be seen from figure 2.5a that the reflectance for both components 
reaches a significant value for relatively shallow angles. This is because Si02 is 
a quite optically transparent substance.
Turning to figure 2.5b), for an aluminium layer of the same thickness as the 
Si02 one, it can be seen that the plots of the two components have essentially 
the same basic shape as that of the Si02 film. However, the value of reflectance 
at a normal incidence angle slightly exceeds 90%. This anomaly arises because 
aluminium is strongly reflective to light at most angles. Another important 
observation is the fact that the minimum of the ip, component does not now 
reach zero. This is due to the high attenuation and reflection coefficient 
characteristics of aluminium to transmitted light. However, the relevance of the 
Brewster’s angle still stands as this minimum corresponds to that for aluminium 
of this specification. If the refractive index ni, of the first medium in which the 
light was travelling is known, and the refractive index of the medium that is 
under test is n2> then the Brewster’s angle for a bulk substmte is given by [1]:
(2.17)
This relationship holds for a single bulk substmte but most applications of 
ellipsometry require the analysis of thin films which are layered on a substrate. 
A different method needs to be used to take account of the Brewster’s angle 
criterion in multi-layered systems, namely the so-called pseudo-Brewster’s 
angle. The pseudo-Brewster’s angle takes account of all the layers in the 
structure. It is initially determined by consideration of the substrate material 
alone and then modified by taking account of the further layers. It can be shown 
experimentally that the pseudo-Brewster’s angle of a high refractive index 
substrate with a thin film of a low refractive index, is less than that of the 
Brewster’s angle of the bare substrate. Also it can be shown that a substrate of 
low refr active index will have a higher pseudo-Brewster’s angle if it has a thin 
film of a high refr active index material.
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2.8. Analysis of experimental data
The full ellipsometry measurement results in typically, a large quantity of raw 
data associated with the intensity and polarisation states of the reflected light 
over the range of wavelengths selected. These data allow the calculation of the 
values for ly and A. These values can be used to obtain the film thickness and 
the relative dielectric constants of the material.
The VASE32 (variable angle spectroscopic ellipsometry) software is used to 
drive the spectroscopic ellipsometer and analyse the data. This measured data 
can then be used for physical parameter extraction, such as obtaining film 
thickness and dielectric functions. A simple model of the sample is assumed 
with available knowledge of the structure, such as the constituent materials, 
thicknesses, optical constants and also considerations of sample processing. For 
the latter, considerations of surface roughness, grading, stoichiometry and 
porosity are particular concerns. For example if we have measured a sample 
formed of two layers deposited on a substrate the model would look like that 
shown in figure 2.6.
n,k (substrate)
2 amorphous si 500 A
1 sio2 1000 A
0 si 1 mm
Figure 2.6 — Example of a possible initial model for a sample composed of two 
layers deposited on a silicon substrate. Note the layers are modelled as layers were 
thickness and optical functions are the important variables.
The software generates values of psi and delta for the prototype model and this 
is then compared to that of the experiment. The software incorporates an 
optimisation routine based on the mean square error (MSE) between the 
generated and the experimental data. A sufficiently low value for MSE gives 
confidence as to the accuracy of the model. However, the acceptable MSE
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depends on the complexity of the model and hence the measured experimental 
data. For example, the acceptable MSB for a thin dielectric film on silicon is < 
2, but for a very thick film or complex stack then a MSB of <20-30 may be 
acceptable. Usually the model needs to be modified to achieve the required 
MSB. The algorithm associated with the above stated methodology is indicated 
in figure 2.7, which serves to illustrate the stages in the fitting.
Measu remenj>
Modelr
Fit
i
Results
Exp. Data
* ^Compare'
------►
k Fit Parameters ^
( n.k 
Thickness 
Kou^hness 
Unifonnrt>
\___ L_____
lI 
______ / .Inc
Figure 2.7 - Diagram showing the process of experimental data modelling and 
important parameter extraction |5]
The choice of initial model is crucial. Figure 2.8 below shows the variation of 
the MSB one of the thickness parameters is varied. The figure serves to 
illustrate the well-known problem in optimisation, of false or local minima. The 
need is to achieve the true or ‘global’ minimum where the parameter is at its 
correct physical value. If the thickness corresponding to point A was chosen as 
an initial value then the algorithm would follow the slope to the global 
minimum, however if the thicknesses corresponding to points B, C and D was 
chosen as an initial fit then it can be seen that the probability of the algorithm 
settling in one of the local minima and giving an erroneous thickness fit value is 
very high. The problem is compounded by the error value never being exactly 
zero, due to experimental error and limitations set by the use of relatively simple 
models applied to represent complex physical situations. As a consequence, it is 
often difficult to judge when the true global minimum has been found. It is for
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this reason, that ultimately, user judgement must be employed in the final 
analysis. Input from other characterisation methods, particularly TEM, is 
invaluable both in determining a good initial model, and also reinforcing 
confidence in the final fit.
starting
thicknessMSE> ^
(guess)
Local Minima
Thickness J. A. Woollom Co., Inc.
Figure 2.8 - An illustration showing the variations in the mean square error when a 
particular model parameter is varied |5|
An example of a poor first estimate for a model is shown below in figure 2.9 
and an example of the generated and experimental data for a good first estimate 
model is shown in figure 2.10.
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Generated and Experimental
900 1200
Wavelength (nm)
1500 1800
J. A. Woollurn Co , Inc
Figure 2.9- Graph showing the experimental values and the generated values of psi
for a poor initial model |5|
Generated and Experimental
1200 1500 1800
Wavelength (nm) J W’OOllam CO.. InC.
Figure 2.10 - Graph showing the experimental and generated values of psi for a
good initial model |5|
2.9. Mean square error (MSE)
As mentioned above, the MSE is a figure of merit, which is used to quantify the 
difference between the experimental data values and the values generated by the 
model. The MSE is given by the following formula [1]:
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MSE = 1
2N-M
N
i=\
f xj/ mod _ Vp exp
<J expT/
f a mod Aexp ^2
.exp
A/ (2.18)
where N is the number of (i|/. A) pairs in the model, M is the number of variable 
parameters in the model and a is the standard deviation of the experimental data 
points. The ‘mod’ superscripts indicate data generated from the model and the 
‘exp’ superscripts indicate experimental data.
Expanding on the point mentioned in the previous section, the MSE should not 
be used as the only quantity for verifying a best fit. The first procedure normally 
would be to assess by eye, the closeness of the fit to the experimental data to 
make sure all structure and features are being represented by the model. The 
optical functions should be examined to ensure they are physically realistic. An 
example of this would be that the refractive index should be seen to be 
decreasing monotonically as photon energy decreases, for the case where there 
is no absorption. The second step would be to examine both the error bars for 
the fit parameters and the correlation matrix. The error bars for the WVASE 
program are equal to the figure of merit which is the product of the standard 
90% confidence limit and square root of the MSE and this ideally would be 
considerably smaller than that of the parameter in question (<10%). The 
correlation matrix describes the inter-relation of the fit parameters; for an 
accurate model fit, all of tlie coefficients must typically be below 0.92 [8]. This 
is because if two parameters are highly correlated then it can be impossible to 
distinguish independently the correct values for both as altering either would 
change the generated psi and delta fraces in the same way.
2.10. Cauchy layer modelling
The Cauchy layer is the simplest model for representing a layer in the WVASE 
software. This layer relies upon an inverse power law to model the dispersion in 
the refractive index for regions where there is no absorption. The dispersion 
relation for the Cauchy layer is shown below in equation (2.19) where A„, Bn 
and Cu are the Cauchy parameters and X is the wavelength [5]
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nCT=^ + B"4t2 + Cn//t4 (2.19)
Figures 2.11 and 12 below show example plots of refractive index versus photon 
energy according to equation 2.19. It can be seen that an increase in the first 
Cauchy parameter, An, causes an increase in the minimum value for the 
refractive index in the NIR region. In comparison increasing the second Cauchy 
parameter can be seen in figure 2.12 to increase the gradient.
An=1.45, 60=0.01, Cn=0.0001
An=1.75, Bn=0.01, Cn=0.0001
Photon energy (eV)
Figure 2.11 - Graph showing the effect of varying the first Cauchy parameter on 
the resulting refractive index versus the photon energy
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An=1.45, Bn=0.01, Cn=0.0001
An=1.45, Bn=0.02, Cn=0.0001
An=1.45, Bn=0.03, Cn=0.0001
Photon energy (eV)
Figure 2.12 - Graph showing the effect of varying the second Cauchy parameter on 
the resulting refractive index versus the photon energy
If there is a small amount of absorption such as that caused by near band edge 
defects, then a so-called Urbach absorption tail can be added to the Cauchy 
model in the WVASE software. The Urbach tail is described by equation 2.20 
where is the amplitude of the absorption, |3k is the exponent of the absorption 
and y is the band edge of the absorption. In figure 2.13, the extinction 
coefficient caused by an Urbach tail is shown plotted versus the photon energy 
for varying values of absorption amplitude. It can be seen that the gradient is 
increased linearly. Varying the value of the exponent of the Urbach absorption 
tail can be seen in figure 2.14 to also increase the gradient of the extinction 
coefficient in an exponential fashion, as expected from equation 2.20. Finally it 
can be seen in figure 2.15 that changing the band edge value, y shifts the plot of 
ln(kn) versus photon energy laterally by the change in band gap value [5].
Pk
kn{*)=ake 1
1240'<{I-
U r)
(2.20)
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Ak^O.I, Bk=1.5, band edge=3.1eV
Ak=0.2, Bk=1.5, band edge=3.1eV
Ak=0.3, Bk^l.5, band edge=3.1eV
Photon energy (eV)
Figure 2.13 - Graph showing the effect on the extinction coefficient versus the 
photon energy from varying the amplitude of the Urbach tail
Ak=0.1, Bk=4.5, Band edge=3.1eV
Photon energy (eV)
Figure 2.14 - Graph showing the effect of varying the exponent value of the Urbach 
tail on the extinction coefficient plotted versus the photon energy
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Ak-0.1, Bk=1.5, band edge=3.1eV 
Ak=0 1, Bk=1.5, band edge=2.1eV 
Ak=0.1, Bk=1.5, band edge-4.1eV
Photon energy (eV)
Figure 2.15 - Graph showing the effect of varying the band edge value of the 
Urbach tail on the extinction coefficient plotted versus the photon energy
The theory of light-matter interaction upon which the Cauchy distribution is 
based has no physical basis. However, it can be empirically shown to model the 
dispersive shape exhibited by the refractive index of a material in wavelength 
regions where there is no absorption. Furthermore, it is only valid for regions of 
normal dispersion in the visible wavelength region as it cannot account for 
atomic absorption in the infra-red and electronic absorption in the deep 
ultraviolet. However, it is particularly useful in ellipsometry data analysis due 
to its simplicity and proven accuracy over the wavelength ranges measured by 
UV-Vis-NIR ellipsometry.
The process of fitting a Cauchy layer to ellipsometry data follows the following 
procedure:
1. The transparent region of wavelength is selected,
2. The first Cauchy parameter (An) is adjusted until the amplitude of the 
generated psi values compare in amplitude to the experimental psi 
values,
3. The layer thickness parameter is adjusted to match the number of 
oscillations,
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4. The values of thickness and An are fitted,
5. The parameter Bn is included in the model and a further fit undertaken,
6. The parameter Cn is included in the model for a final re-fit. If the MSB 
reduces by > 10% then Cn is left in the model, if not then the parameter 
is removed.
7. Finally, if Urbach absorption is to be included, then the wavelength 
range for the fit is expanded to the whole measured range, the Urbach 
band edge value is set to coincide with the region where absorption is 
expected to become dominant and the values for the amplitude and 
exponent of the Urbach tail are fitted with the Cauchy parameters.
If the transparent region wavelength range is unknown then a veiy long 
wavelength region is selected (900-1700nm) and the model is fitted multiple 
times in step 4, including shorter and shorter wavelengths (800, 700, 600, etc) 
until the MSE significantly increases (>200-400%) compared to that in long 
wavelengths. This large increase in MSE signifies an absorptive region within 
or close to the region selected.
2.11. The general oscillator
2.11.1. Overview
hi some situations, the absorption may not follow a simple dispersion pattern, 
hi such cases, the thickness would be extracted in a transparent part of the 
measured spectrum, using a simple Cauchy layer fitting firstly for just the 
thickness and the first Cauchy parameter and gradually adding more Cauchy 
parameters to refine the fit. The thickness would then be fixed and a point-by­
point optical constant fit would be carried out over the whole measured spectral 
range. This allows a fit of both the reftactive index and the extinction 
coefficient independently for each wavelength from the psi and delta data. 
Typically, for films >10nm, a ‘noisy’ trace of the optical constants can be used 
as prototype optical constants for general oscillator parameterisation, which is 
now described.
In the general oscillator model, the dielectric function of a film is represented by 
a linear summation of real or complex terms; the ‘oscillators’. A variety of
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oscillator models are available in WVASE32, including Drude, Lorentz, 
Gaussian, Hannonic, Tauc-Lorentz, Herzinger-Johs, and more. The imaginary 
permittivity component, £2(X), shape is described using oscillators with centre 
energy, Ec amplitude, A and broadening, B. As mentioned earlier in this 
chapter, due to the need to maintain Kramers-Kronig consistency, the shape of 
the real permittivity component, Ci(^), is given by the oscillators which exist in 
82(A,). The real permittivity is also dependent upon oscillators which occur 
outside of the measured spectral range and so this is modelled by two Selhneier 
oscillators and a permittivity offset, 8offset. An example of a general oscillator 
equation is shown below where ‘Offset’ relates to the high fiequency 
permittivity and this is followed by a Selhneier (pole) term, then a Lorentz term 
and finally a Gaussian term [1],
£ — £l + i£2 — ^offset +■offs t  E2_E2+ E2_E2_ iBiE
+ Gaussian(E, A3, E3, B3) (2.21)
2.11.2. The Lorentz oscillator
Referring to equation 2.21, the Lorentz oscillator is a classic, damped harmonic 
oscillator model given by equation (2.22) below [1] where AL is the amplitude 
of the absorption, EL is the characteristic energy which the oscillator centres 
around, BL is the half-power broadening for the absorption and E is the photon 
energy. The typical shape of the oscillator can be seen in figure 2.16 below.
El — E2 — WlE (2.22)
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1.6 1.0
1.4
1.2
JO
0.8
0.6
2.0 3.0
Photon Energy (eV)
4.0 5.0
0.0
Figure 2.16 - The real and imaginary permittivity's for a Lorentz oscillator with
A, =l, Bl=0.5 and EL=3eV |5|
The main disadvantage of this type, is that it has long absorption tails which 
makes it difficult to use when modelling band edge structure in some materials, 
because the absorption encroaches into the transparent region. It is particularly 
useful for use in metals however, where absorption exists throughout the 
measured spectral range.
2.11.3. The Tauc-Lorentz oscillator
The Tauc-Lorentz oscillator was developed by Jellison and Modine [6] and is 
based on the Lorentz oscillator which was described above. A further problem 
with the Lorentz model is that the absorption profile is symmetric and this does 
not occur in amorphous materials as they often show asymmetric shapes. The 
Tauc-gap of amorphous materials is given below where AT is the Tauc 
amplitude and Eg is the Tauc band gap of the material [6].
(2.23)
The Tauc-Lorentz oscillator equation for the imaginary permittivity is derived 
by multiplying the Lorentz equation by equation 2.23 above and the result is 
shown in equation 2.24, where A is the amplitude of the oscillator, B is the 
broadening of the oscillator, E2 is the characteristic energy of the oscillator, Eg is 
the bandgap and E is the photon energy [7].
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e2 ~
AEB(E - Egy
(E > Ea)
(2.24)
E^-Elf + {B2E2)\
s2 = 0 (E < Eg)
Using the Kramers-Kronig relations, it is then possible to derive an equation for 
the real component of the relative permittivity and this can be seen in the system 
of equations overleaf [7].
fl = f1(oo) + AB aln , fE^ + Eg + aEt■ln\-
nf*2aE2 {e* + J?| - aEg
^ &tan [_ ^ l f®
n%* 2aEz 
AE2
E
hn(-\E-E,
+ 2 ~yz'>\n+(2
AE2B E2 + E2n 
irf4
2AE2B
E2Cg
aB )]
E + E
4 Eg In
Wliere
(2.25)
«i„ = (E2g - E2)e2 + E2gB2 - E2{E2 + 3E2) (2.26)
“tan = (E2 - E2)(E2 + E2) + E2B2 (2.27)
e~{E2 Y2)2 + a2f
4 (2.28)
a = JiE2 - C2
(2.29)
The symbols are as defined for the imaginary component above. Although the 
equation for the real component of the pennittivity, eb is quite complex it only 
contains five parameters. Figure 2.17 below shows a comparison example for 
the imaginary permittivity of Tauc-Lorentz and identical Lorentz, oscillators, 
except for the Eg parameter which exists only in the Tauc-Lorentz oscillator. It 
is apparent that the absorption peak for the Lorentz is symmetric whereas the 
absorption peak for the Tauc-Lorentz oscillator is tilted by comparison. This tilt 
increases the gradient of the absorption peak on the lower energy side and
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reduces the absorption below the value of Eg to zero, which makes the oscillator 
well-suited for modelling the band edge of amorphous materials.
Optical Constants
Lorentz
Tauc-Lorentz
« 2.0
o 1.5
to 0.5
3.0 4.0
Photon Energy (eV)
Figure 2.17 - Graph showing the imaginary permittivity for classical Lorentz 
(A=2.5, B=0.5 and E2=4eV) and Tauc-Lorentz (AL=2.5, BL=0.5, EL=4eV and
EL=3eV) oscillators
2.11.4. The Sellmeier pole
The Sellmeier (pole) is an optical model based on an empirical relationship 
between the real component of relative permittivity and the wavelength in a 
transparent medium and it is given by the equation shown below. In this 
equation As is the amplitude of the pole, Es is the characteristic energy the pole 
occurs at and E is the photon energy of the incident light. This produces 
structure in the real permittivity as shown in figure 2.18 below [5]
As
e£ ~ E2 (2.31)
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600 t A =100, E =7.5eVs * s
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Photon energy (eV)
Figure 2.18 - Graph showing Sellmeier poles with various values for amplitude and
characteristic energy
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Figure 2.19 - Graph showing the effect of altering the amplitude of a Sellmeier pole 
with characteristic energy of lleV on the refractive index
It can be seen from figure 2.18 that the characteristic energy, Es is the energy at 
which the inflection point occurs. In the general oscillator layer, two Sellmeier 
‘poles’ are used to model structure associated with absorptions outside the 
measured spectral range. If the characteristic energy for a Sellmeier pole is 
fixed and the amplitude is varied, then it can be seen in figure 2.19 that the 
refractive index trace shifts up in magnitude. In figure 2.20 below it can be seen
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that there are absorptions in the low energy spectrum due to lattice vibrations 
which cause a point of inflection in ej. There is also another group of 
oscillations at higher energies due to electronic absorptions causing another 
inflection point in 8t. It is obvious that if two Sellmeier poles are used, then so 
long as the points of inflection occur outside of the measured range. These can 
be used to model the residues in the measured spectral range arising from these 
absorptions. An example is shown in figure 2.21 of two Sellmeier poles being 
used in this way.
residues
Electronic
absorptions
- -4
Vibrational
^ absorptions
10°
Photon Energy (eV)
3
g
CDa
o
O
o
=3
oT
Figure 2.20 - Illustration showing the absorptions outside the measured spectral
range |51
Valid spectral range
(transparent region)
e, reference 
•e, Sellmeier
Photon Energy (eV)
Figure 2.21 - Illustration showing how two Sellmeier poles can model the shape of 
the relative permittivity in the measured spectral range caused by absorptions 
outside of the measured spectral range |5|
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2.11.5. Fitting process for modelling experimental data with a general 
oscillator layer
There is a standard procedure for fitting a general oscillator model to 
experimental data. The first stage is to extract the thickness and prototype 
optical constants using a Cauchy layer. Stages 1-6 in the Cauchy fit procedure 
explained earlier are then carried out to extract the correct value of thickness in 
the transparent region of the measured spectrum. The thickness for the layer is 
then fixed and a point-by-point optical constant fit is performed for the 
refractive index and extinction coefficient. This procedure fits the refractive 
index values and extinction coefficient values for each value of wavelength 
independently giving ’prototype’ optical constants.
The next stage of the fitting procedure is to parameter! se the prototype optical 
constants to remove noise, identify individual contributions and check for 
Kramers-Kronig consistency. The general oscillator is split into two parts. The 
first part models absorptions caused by band edges and defects within the 
measured spectral range by using several oscillator models. The second part is 
to model the features in the real permittivity due to absorptions far outside the 
measured spectral range. In figure 2.22 below, a screenshot showing details of 
the fit using a general oscillator layer can be seen for the parameterisation of an 
Hf02 layer with parameters taken from the WVASE database. In this figure, 
section A relates to the real part of the permittivity, whereas section B details 
oscillator parameters used to model the absorptions within the measured spectral 
range. Section C shows the fit of the prototype optical constants to those 
generated from the model.
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Figure 2.32 - Screenshot of the WVASE32 General oscillator layer showing a) the
Sellmeier Model with two poles, b) Multiple oscillator model and c) optical
constants fit window
The fitting process is then as follows:
1. The prototype values for the refractive index and the extinction 
coefficient are loaded into the model and are converted into relative 
permittivity values.
2. The user then employs as few different oscillators as possible to match 
the absorption peaks seen in the imaginary component of the 
permittivity. A fit of the oscillator parameters to the prototype 
imaginary permittivity is then done to optimise their values. In figure 
2.22, four Gaussian oscillators were found to be sufficient to model the 
absorption peaks, with some confidence.
3. The software then calculates the contribution to the real relative 
permittivity from the oscillator absorption peaks.
4. The contributions to the real permittivity outside of the measured 
spectral range are then modelled by the two Sellmeier poles. These are 
fitted to the prototype real permittivity including the effects of the 
oscillators fitted earlier using the following process:
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a. First the magnitude of the high energy pole is fitted,
b. The energy position of the high energy pole is included in the 
fit,
c. The magnitude of the low energy pole is included into the fit 
with the parameters of the high energy pole,
d. Finally an offset accounting for the real permittivity is included 
as a fit parameter.
e. IMPORTANT: the low energy pole energy position should 
never be fitted.
5. All of the parameters for both the poles and oscillators should be given 
one last fit together to optimise both the real and imaginary permittivity 
fits.
6. This is then the final general oscillator model and a fit is then performed 
by comparing the psi and delta values from this model to the 
experimental psi and delta values to optimise the model to account for 
any anomalies between the actual optical constants of the real layer and 
the extracted prototype (point-by-point) optical constants. Possible 
anomalies include artefacts due to noise and Kramers-Kronig 
inconsistencies.
2.12. Challenges with modern ellipsometry
Ellipsometry as a characterisation technique for thin films has been seen 
traditionally as a technique used for the estimation of thin films thickness and 
optical constants. The recent developments in both hardware, particularly 
variable angles and the extended spectral range, together with data assessment 
software, introduce new capability to ellipsometiy. The characterizations of 
high-k dielectric films pose a series of challenges most notably:
a) Ultra thin films (<4 nm thickness) with a structure dependent on the growth 
or deposition technique used.
b) Multi - stack structures, due to the presence of a transition layer at the 
interface between substrate and the metal oxide film and a possible variation in 
the layer composition.
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c) The lack of reliable information on optical constants for most ultra-thin, novel 
materials.
The biggest obstacle in correctly analysing a modem CMOS gate dielectric is 
related to the ultra-thin nature of the gate stack. Ellipsometry measurements of 
a thick film display interference oscillations which have different amplitudes, 
positions and broadening depending on the physical and optical properties of the 
measured film, as shown in figure 2.24. It is known for instance, that for a 
Cauchy layer on a silicon substrate, the first Cauchy parameter is related to both 
the position and amplitude of the peaks in psi and that its thickness is only 
related to the position of the peaks and psi. This means that the optical 
constants and film thicknesses can be extracted independently and that it can 
therefore be said that there is no correlation between these fitted parameters.
Generated Data
Su 20-
Figure 2.23 - Graph showing generated data for a lOnm silicon dioxide film on
silicon
Generated Data
5 60
Figure 2.24 - Graph showing generated data for a SOOnm silicon dioxide on silicon
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The challenge posed by films less than 1 Onm is that they are too thin to cause 
interference oscillations and so the psi parameter displays dispersion with 
minimal features, as shown in figure 2.23. The problem with trying to fit an 
optical model to a psi trace which displays only a slope is that the gradient and 
position of this slope can be modelled by many different pairs of thickness and 
optical constants. In this situation, the thickness and optical constants are said 
to be highly correlated and it is extremely difficult, if not impossible, to resolve 
each parameter independently from the ellipsometric data. Considering the 
situation as film thickness is reduced, the peaks in psi shift to higher energies 
because the interference for a thinner film affects smaller wavelengths. Then a 
possible method for reducing the effect of correlation is to perform the 
ellipsometry using a spectral range covering higher photon energies, where 
interference oscillations may be present. This is the reason why in chapter 
three, the very thin hafnium oxide and hafnium silicate films were analysed 
using the VUV-VASE system, as this measures ellipsometric data for photon 
energies ~4eV higher in energy than the M2000U1 system, hence giving more 
peak information for the modelling process.
2.13. Band-gap extraction using Tauc-plot
The band gap of a film is an important parameter which can be extracted quite 
effectively using the optical constant data from ellipsometry. The simplest 
technique for extracting the band gap of a film uses a so-called Tauc plot. The 
first step is to calculate the absorption coefficient, a from the extracted 
extinction coefficient over the measured spectral range using equation 2.32:
a(X) =
2nkn(X)_
(2.32)
The Tauc plot involves plotting the quantity (anE)1/2 versus E. Figure 2.25 
shows an example of such a plot and the band gap can be extracted from a 
straight line drawn parallel to the (anE)1/2 extrapolated to the x-axis axis, at the 
point of maximum gradient. The photon energy at this intercept point represents 
an estimate of the band gap for die film. Sometimes two distinct regions with 
different gradients can be seen and this can be caused by a defect level in the
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film. For such a situation, two lines can be drawn to extract both the band gap 
and the near to band edge, defect level.
(anE)05
* E(eV)
Figure 2.25 - An illustration of a Tauc plot showing an example of bandgap
extraction
2.14. Conclusions
In this chapter the optical physics of materials has been introduced and 
contributions to the refractive indices in different frequency ranges have been 
explained. The basic principles of spectroscopic ellipsometry were explained 
and standard fitting procedures were described for both a simple Cauchy layer 
and a more complex general oscillator layer. It was also shown how the 
physical properties of a material such as the band-gap and trapping levels could 
be extracted using the technique. Modem challenges for spectroscopic 
ellipsometry as an analysis technique for gate dielectrics was also discussed and 
solutions for some of the problems were proposed.
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Chapter 3
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3. Other analytical techniques
3.1. Capacitance-voltage analysis (C-V)
A capacitance-voltage plot is a relatively simple and fast analysis method which 
can be carried out on a metal oxide semiconductor capacitor (MOSCAP) 
structure to gain information on many of its electrical properties such as the k- 
value for the gate oxide, the doping density of the substrate and the flat band 
voltage shift. The structure of a MOSCAP is as shown in figure 3.1 below.
Gate Material
Gate dielectric
Semiconductor
Figure 3.1 - Diagram showing the structure of a metal oxide semiconductor
capacitor (MOSCAP)
The capacitance-voltage (C-V) plot can be measured for a MOSCAP by using 
the simple circuit shown below in figure 3.2. The impedance measuring circuits 
are much more complex than this in the HP4192A Impedance analyser which 
was used to measure the C-V plots in this thesis; however, this simple circuit 
can give an understanding of the measurement procedure.
Figure 3.2 - Basic C-V analysis circuitry
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In this circuit the AC voltage is kept constant (typically 50mV) and the AC 
frequency is selected for a particular sweep (typically 0.1 kHz - 1MHz). The 
DC voltage is then swept slowly across a range sufficient to bias the device 
from accumulation to inversion with the impedance measured across the 
capacitor. This impedance can then be converted into a capacitive component 
and a resistive component using the measured phase angle.
The equivalent capacitive circuit for a MOSCAP device is shown below in 
figure 3.3 where Cox is the gate oxide capacitance, Cit is the capacitance caused 
by interface happed charge, Cs is the capacitance caused by the semiconductor 
depletion region, Cp is the capacitance due to hole charge and Ce is the 
capacitance due to free charge in the accumulation layer.
I
Figure 3.3 - Illustration showing the equivalent capacitive circuit for a MOSCAP
device [1]
To analyse a capacitance-voltage plot then it must be first understood the 
physics which is occurring in the device in all the different bias conditions. If 
an n-type MOSCAP is considered then with a significant positive bias voltage 
on the gate, electrons will be attracted to the semiconductor/gate dielectric 
interface forming an accumulation layer. These majority carriers can follow 
even high frequencies and so in the equivalent circuit in figure 3.3 the Ce 
dominates, shorting the other capacitors. Hence the capacitance in accumulation 
is equal solely to the gate oxide capacitance. If the positive bias is reduced then 
a point will be reached (Vg=0 in ideal device) where there is no net charge in 
the device; the flat-band condition as on an energy band diagram the 
conduction and valence band would be flat. As the gate bias is made slightly
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negative then the free carriers will be repelled a distance from the 
semiconductor/gate dielectric interface creating a depletion region. In this 
region the free charge is considered to be zero so the equivalent capacitive 
circuit is the same as figure 3.3 with Cc open circuited.
If the gate bias is made significantly negative then minority carriers (holes in n- 
type) will be generated by electron hole pair creation in the depletion region, at 
room temperature. For the case of n-type material, the generated electrons are 
repelled out of the depletion region by the electric field and the holes drift to the 
semiconductor/gate dielectric interface, hence inverting the surface. In this 
region the resulting total capacitance relies on the fi equency of the A.C. voltage. 
If the frequency of the A.C. voltage is low then the minority charge can follow 
this and so in figure 3.3 Cp will dominate and hence short circuit the parallel 
capacitors resulting in a total capacitance equal to that of only the gate dielectric 
resulting in the low frequency C-V curve. If the frequency of the A.C. voltage 
is too high then the inversion charge will not be able to follow this resulting in 
the total capacitance being the combination of Cs and Cox, which gives the high 
frequency C-V curve. The final situation is if the ramp rate for the D.C. voltage 
is faster than the minority charge can generate and this will result in the deep 
depletion curve. An example of the high frequency, low frequency and deep 
depletion C-V characteristics for an n-type sample is shown in figure 3.4.
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C/Cox
Cdd
Gate Voltage (V)
Figure 3.4 - Picture showing a high frequency C-V, Chf, a low frequency C-V, Clf 
and a deep depletion C-V, Cdd for an ideal n-type sample with ND=1017cm'3, 
tOx=10nni and T=300K [1]
Above it was discussed what physics occurs within an n-type MOS capacitor for 
accumulation, depletion, flat bands and inversion. Similar conditions occur in a 
p-type MOS capacitor, except that the polarities of voltages, charge and band 
bending are reversed, and the roles of electrons and holes are interchanged (any 
positive donors discussed above would be interchanged for negative acceptor 
ions). The C-V sweep for a p-type sample can be seen in figure 3.5 below 
showing the high frequency, low frequency and deep depletion C-V curves
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C/Cox
Chf '
Gate Voltage (V)
Figure 3.5 - Picture showing a high frequency C-V, Chf, a low frequency C-V, Clf 
and a deep depletion C-V, Cdd for an ideal p-type sample with NA=10,7cm 3, 
to\=10nm and T=300K [1]
From above it can be seen that the accumulation capacitance is equal to the 
capacitance of the gate dielectric. This means that the k-value for the gate 
dielectric can be extracted from the accumulation capacitance, Cacc, by 
modelling the capacitor as a parallel plate capacitor as shown below where eo is 
the permittivity of free space, Ag is the area of the gate and toX is the thickness of 
the gate dielectric
_ CpkAg
aCC~ tox (3.1)
If the dielectric is of different relative permittivity (or k-value) to that of silicon 
dioxide then it is common practice to calculate the capacitance equivalent 
thickness (CET) of the dielectric which describes what thickness of silicon 
dioxide would be required in a MOSCAP device to have the same electrical 
thickness of the new dielectric. The CET is given by the equation below were
£Si02 is the relative permittivity of silicon dioxide
.CET _ £0ESiO2A 
Cacc (3.2)
An important parameter for analysing current-voltage plots is the flat-band 
voltage. To acquire the flat-band voltage, the flat-band capacitance must first be 
calculated using equation 3.3 below where Cox is the gate oxide capacitance and 
Cs is the capacitance due to carriers within the silicon substrate.
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^ox^s,FB
(•OX “t" CSifb (3.3)
At flat-bands, the value of Cs is given by equation 3.4 [1] below where gq is the 
permittivity of free space, eSi is the relative permittivity of silicon, Ag is the area 
of the gate and LD is the Debye length given by equation 3.5 [1] where kb is the 
Boltzmann constant, T is the absolute temperature, q is electron charge and 
finally Na and Nd are the carrier doping densities for if the substrate is p-type or 
n-type respectively.
CSifb —
£0£si-Aff
(3.4)
Ln —
kbT £si£o
q2[NA or Nd] (3.5)
To calculate the Debye length, a figure for the doping density of the silicon 
substrate must be known. As the tolerances for the doping density of a 
production wafer are so high then it is better to calculate the value of the doping 
density from the measured CY characteristics using the “minimum-maximum 
capacitance method” as shown in equation 3.6 where C,nax is the measured 
accumulation capacitance (Cox), Cmjn is the measured inversion capacitance, n, is 
the intrinsic doping density and Nd is the doping density of donors for an n-type 
sample (interchangeable with doping density of acceptors, NA, for a p-type 
sample). This equation is transcendental and must be solved numerically.
nd = r i _ _M ln
Ag q Cmax\ / (3.6)
Once the value for flat-band capacitance is known then the measured CV plot is 
consulted to read off the gate bias voltage which causes the measured 
capacitance to be equal to that of the calculated flat-band capacitance. For an 
ideal device the flat-band voltage would be zero, however in real devices, the 
flat-band voltage is modified by parasitic charges as shown in equation 3.7 [1]. 
Here, the terms are: metal silicon work function difference, Wms, the fixed oxide 
charge, Qf, the oxide trapped charge, Qot, the interface trapped charge, Qit, the 
mobile oxide charge, Q,n and finally a factor taking account for the charge 
distribution in the oxide, y, which is given by equation 3.8 [1] where x is the
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distance through the oxide from the gate and insulator interface, toX is the oxide 
thickness and pq(x) is the charge density. It can be seen that when the charge is 
at the gate and insulator interface then it has no effect on the flat-band voltage as 
it images its charge in the gate.
VpB = Wrvms
Qf Qm Qot
r> Vd /-> y d /-•
L'OX {-'OX ^ox r^ox (3.7)
SoOX(x/tox)p<,(.x)dx
^ CxPq(x)dx (3.8)
The fixed oxide charge can be estimated at mid-gap by assuming that the flat- 
band voltage is caused by only a combination of the metal silicon work function 
difference and the fixed oxide charge. The metal-silicon work function 
difference, W,11S can be calculated using equation 3.9 [1] below where Wm is the 
metal work function and Ws is the silicon work function. The metal work 
function is a “constant” for a material but can be varied by composition, 
deposition methods and device processing. The silicon work function is given 
by equation 3.10 [1] where is the Fermi potential and all other variables are as 
previously defined.
wms = wm-ws (3.9)
^ = 20/ = 2^in(^i) (3-10>
Equation 3.7 can be rearranged to equation 3.11 [1] to calculate the fixed oxide 
charge assuming negligible trapping effects in the interface and oxide and 
minimal mobile charge in the oxide.
Qox ^FB^Cox (3.11)
3.2. Current-voltage characterisation (I-V)
The current-voltage plot is a relatively simple measurement technique where a 
d.c. bias is applied across the MOS capacitor and the leakage current through 
the device is measured. When current voltage plots are compared between 
different samples then the flatband voltage calculated above must be taken into 
account as the charge within the stack affects the effective bias across the stack 
and so will affect the leakage current magnitude for a given voltage bias on the
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gate. Numerous current mechanisms have been observed in high-k dielectrics 
such as Fowler-Nordheim, Poole-Frenkel, Schottky emission, direct tunnelling 
and trap assisted tunnelling and these can be identified from the IV 
characteristics due to their distinctive relationships with the applied field and the 
temperature. The current mechanisms will not be explored in this thesis.
3.3. Medium energy ion scattering (MEIS)
Medium energy ion scattering (MEIS) is a refined version of the more common 
technique of Rutherford backscattering spectrometry (RBS) and offers enhanced 
depth and angle resolution. The experimental setup for the MEIS system can be 
seen in figure 3.6 below. Light ions (FI+ or He+), typically between 100-200 
keV, are accelerated and then focused into a precise beam using electrostatic 
lenses and collimators. The ion beam is made incident on a target specimen 
along a known direction. The scattered ion beam intensity is analysed for a 
range of scattering angles and ion energies.
Figure 3.64 - Illustration showing a simplified MEIS setup |2|
The interaction with the sample can produce several effects such as: ion 
scattering, ion neutralisation and scattering, sputtering, photon and electron 
emission, adsorption and displacement of specimen atoms/molecules. With 
MEIS, the main consideration is the scattering of the incident ion beam and 
more specifically the number of ions scattered by the specimen with specific 
energies. There are two types of loss which can occur in the scattering event 
and these are elastic and inelastic as seen in figure 3.7. Elastic collisions cause a 
large energy loss and the information gained is related to the mass of the target
59
atom. Inelastic collisions cause a smaller energy loss which is proportional to 
the length of the path the ion takes through the target material. This allows the 
extraction of layer thickness with the accuracy of up to one atomic layer. 
Scattered ions can interact with other atoms within the layer, which can alter the 
scattering angle as can be seen in figure 3.7. This process is called blocking and 
can be used to extract information on the material structure. It is common to 
perform what is called a double alignment before taking MEIS measurements. 
This term describes a technique were the ion beam is aligned to the sample in a 
direction so the surface silicon atoms in the substrate of the target shield the 
atoms in the rest of the layer. This improves the surface sensitivity of the MEIS 
measurements as the ions only interact with the first few atomic layers of the 
substrate.
Ions in
^elastic’
Ions out
Figure 3.7 - Diagram showing interactions between incident ions and the atoms of
the sample material |3|
For the samples for this thesis, the MEIS measurements were performed at the 
CCLRC Daresbury facility, using a nominally 200 keV He+ ion beam and an ion 
dose corresponding to a charge of 10 pC. The samples were aligned to the ion 
beam along the [m] channelling direction and the electrostatic energy analyser 
was positioned to simultaneously record data from along the [111] and [332] 
blocking directions. These give scattering angles of 70.5° and 60.5° respectively 
and result in sub-nanometre depth resolution. Analysis was carried out using
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the SIMNRA [11] and Igor [12, 13] programs. Using the programs, a model is 
built up from what is known about the target such as the layer thicknesses, 
composition and any possible interfaces between the layers. Data is generated 
for the model accounting for the effects of system resolution and straggling and 
this is fitted to the experimental MEIS spectra. Quantitative compositional 
information can be extracted by integrating the area under the peaks on the 
depth profile and comparing the result to reference data. The scattering cross- 
section for different elements however, must be taken into account. It is by this 
technique that the silicon content of the gadolinium silicate layers was extracted 
in chapter sections 5.3.1 and 5.3.2.
3.4. X-ray diffraction (XRD)
X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals 
detailed information about the crystallographic structure of a material. It has the 
advantage that it requires little sample preparation and gives structural 
information over a whole semiconductor wafer.
There are many types of secondaiy effects that occur when x-rays interact with 
matter but fortunately the dominant effect which is measured using a 
diffractometer, is scattering. In this process, the electron cloud in the path of the 
X-ray beam vibrates with the frequency of the incoming radiation. The 
vibration of these charges re-radiates waves of the same photon energy as the 
incident X-rays by a process called Rayleigh scattering. A crystalline material 
is a complex, but ordered arrangement of atoms. As an X-ray beam is made 
incident on this arrangement of atoms, it will be scattered. These scattered X- 
rays from the different atoms in the structure interfere with one another, 
cancelling each other out except where the scattered x-rays are “in-phase”. In 
this case the X-rays will scatter constructively to form a new wave. It is this 
interference which causes the diffraction pattern which can then be studied to 
discover what crystal phases are present within the specimen.
An ideal crystal arrangement is aligned to diffract monochromatic X-rays of 
wavelength, X, from lattice planes spaced at a distance apart of d. The X-rays 
are incident upon the sample at an angle 0 as shown in figure 3.8 below. The
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primary beam is partially absorbed and re-radiated from the sample and only the 
diffracted component is recorded on the detector. The incident angles at which 
the diffracted beam pattern is at a maximum are given by the equation below, 
called Bragg’s law, where n is an integer describing the order of the diffraction 
peak and d is the spacing between the atoms within the lattice.
@ Bragg = sin 1(nl/2d) (312)
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Figure 3.8 - Diagram showing the interference between two x-rays which have 
interacted with a sample |4]
The angular position of the diffraction peaks produced by an incident x-ray 
beam of fixed wavelength can be seen to depend on the spacing between the 
atoms in the lattice. The spectra of a material containing a specific ciystalline 
phase will therefore exhibit peaks at angles which relate to the dimensions of the 
unit cell associated with this phase. Hence, if the various dimensions of the unit 
cell or the peak angles caused by a crystalline phase are known then its presence 
can be identified from the experimental data.
Other than identifying crystal phases which are present within a film, XRD can 
also provide information on strain in the materials structure. If a crystalline 
material has a known spacing distance between the atoms in its lattice, do, then it 
will have an easily calculable peak in its XRD spectra as seen in figure 3.9a. If 
a uniform compressive or tensile strain is applied to the lattice then the distance 
between the atoms would change resulting in a shift of the characteristic peak in
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the XRD spectra as shown in figure 3.9b. Finally, if a non-uniform strain is 
applied to the crystal lattice as demonstrated in figure 3.9c, then there will be a 
range of different distances between the atoms in the lattice. This means the 
dififaction peak will still occur centred at the characteristic angle, but the range 
of unit cell dimensions will cause the diffraction peak to be much broader.
CRYSTAL LATTICE DIFFRACTION 
LINE
NO STRAIN
UNIFORM STRAIN
NONUNIFORM STRAIN
Figure 3.9 - Illustration showing how the XRD diffraction peak of a crystalline 
lattice can be affected by an applied strain
The XRD measurements displayed in chapter five of this thesis were performed 
using a Rigaku Miniflex II x-ray diffractometer. This instrument utilises the 
Bragg-Brentano configuration (also known as 0/20) and a diagram illustrating 
this setup can be seen below in figure 3.10. In this configuration the x-ray 
source is fixed in position and the angle of incidence of the x-ray beam on the 
sample, 0i, is altered by tilting the specimen on a goniometer. For each angle of 
incidence the angle of the detector is moved to an angle of 20i. The detector 
angle of twice the angle of incidence is no coincidence and is chosen because 
the x-ray beam formed by constructive interference as discussed earlier is 
emitted at an angle of twice the incidence angle with respect to the incident
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beam. In figure 3.10, rf is the radius of the focusing circle where the path length 
from the detector to the sample is the same as the distance from the sample to 
the source. Also seen in the diagram r,,, is the radius of the monochromator 
focus circle.
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Figure 3.10 - Diagram showing the experimental setup for a Bragg-Brentano XRD
|5|
3.5. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is a technique whereby a beam of 
electrons is transmitted through an ultra thin specimen, interacting with the 
atoms as it passes through. The interactions of the transmitted form a magnified 
image onto either photographic film or a sensor such as a CCD. The entire 
measurement is performed within vacuum.
The resolution of a microscopy system can be evaluated using equation 3.13 [6] 
and is usually limited by the wavelength of the photons used to probe the 
sample, X, and the numerical aperture of the system, NA. The numerical 
aperture is a dimensionless number that characterises the range of angles over 
which the system can emit or accept light. It is dependent on the refractive 
index of the medium, n, and the half angle of the maximum cone of light that 
can enter or exit the lens, an,^, as can be seen in figure 3.11. As the wavelength 
of light is relatively large (400-700 nm for visible spectrum) then this limited 
the maximum resolution of optical microscopy
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.d = A 1.22A
2(NA)
(3.13)
2n sinccmax
p
Figure 3.11 - Illustration showing the maximum cone of light which can enter the
lens
As electrons exhibit wave-particle duality, a beam of electrons can be 
considered as electromagnetic radiation. The de Broglie equation gives the 
relationship between kinetic energy of an electron and its wavelength. As TEM 
techniques produce electrons close to the speed of light, relativistic effects need 
to be considered, as shown in equation 3.14 [7] where h is Planck’s constant, E 
is the photon energy of the wave, c is the speed of light in a vacuum and m0 is 
electron rest mass.
h
(3.14)
A basic TEM uses multiple components which can be split into four areas; the 
first is the electron source or electron gun which generates electrons by 
thermionic emission and accelerates them to high velocities, the second is 
“lenses” which focus the electron beam before and after transmission through 
the sample, the third is apertures which restrict the electrons in the incident and 
resulting (after transmittance through the sample) electron beam to a narrow 
optic axis and finally a form of imaging system to view the results. An 
example of a basic TEM system can be seen below in figure 3.12
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electron gun
anode
Figure 3.12- Diagram showing a simplified TEM setup |4)
The lenses used are not the same as would be used in an optical system, instead 
the most common type utilises electromagnetic coils to generate an equivalent to 
a convex lens. There are typically three stages of lenses which are the 
condenser lenses, the objective lenses and the projector lenses. The condenser 
lenses are responsible for forming the initial beam, the objective lenses collate 
the transmitted beam and the projector lenses focus the electrons that have been 
transmitted through the specimen onto the imaging device such as a CCD on a 
modem TEM. The apertures are made up of annular metallic plates which 
exclude electrons which are travelling too far from the optic axis. The use of 
apertures removes several problems simultaneously: First they decrease the 
beam intensity and secondly the filtering of off axial electrons removes 
electrons that have been scattered by large angles which could be caused by 
unwanted effects such as spherical or chromatic aberration. The apertures can 
sometimes be modified to change the aperture size to trade off intensity and the 
filtering effects.
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The TEM instrument produces an image whose intensity can be approximated 
by the time average amplitude of the electron wave-functions, as given below in 
equation 3.15 [8] where the wave of the exit beam is denoted by Y, kb is the 
Boltzmann constant and to and ti signify the start and finish times of the 
experiment respectively. It can be seen that the observed image depends also on 
the phase of the electrons.
(3.15)
A common operating mode, which was used for analysing both the gadolinium 
oxide samples and the hafnium based samples in this thesis, is the phase contrast 
mode, which also known as high resolution transmission electron microscopy 
(HRTEM). The technique relies on analysing the complex modulus of the 
electron waves exiting the sample which means it is not only the number of 
electrons which hit the analysing sensor which is considered but also the phase 
differences of the electron waves. This allows imaging of the crystalline 
structure on the atomic scale making the technique invaluable for analysing 
crystallinity, defects, thicknesses and structure. The resolution in a HRTEM is 
limited by the spherical and chromatic aberration however aberration correction 
has been implemented in the most cutting edge microscopes called transmission 
electron aberration-corrected microscopes (TEAM) to give them up to half 
angstrom resolution [9].
The biggest drawback to TEM is that it is a relatively time consuming process 
as many materials require extensive sample preparation to reduce the thickness 
of the sample to dimensions were it is electron transparent. This requires 
precise use of mechanical milling, chemical etching or ion etching and can 
potentially inadvertently modify the sample structure.
3.6. X-ray reflection (XRR)
X-ray reflectometry (XRR) is a analytical technique which is used to 
characterise surfaces, thin films and multilayers. It is related to the 
complementary techniques of spectroscopic ellipsometiy, as discussed in 
chapter two, and neutron reflectometiy. The XRR technique used in chapter
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four is called specular scan x-ray reflectometry. In this setup the x-ray source is 
in a fixed position and the sample is placed on a goniometer which tilts the 
specimen to alter the angle of incidence. For the scan, the angle of incidence is 
swept through an angle 0 and the detector follows the specular reflected beam 
sweeping through an angle of 20 with respect to the transmitted incident beam 
and a diagram of the experimental setup can be seen in figure 3.13 below.
Detector
X-ray
Source
N /
Figure 3.13 - Illustration showing the setup of a spectral \-ray reflectometry
measurement
The most important data is measured around the critical angle of external 
reflection for the sample. Below the critical angle of total external reflection, X- 
rays penetrate only a few nanometers into the sample. Above this angle the 
penetration depth increases rapidly. The critical angle for total external 
reflection is given by equation 3.16 [10] where re is the classical radius of an 
electron, X is the wavelength for the incident electron wave and Nav is the 
average number of electrons per unit volume. The representation can be 
changed to photon energy by using equation 3.17 and the value of Nav can be 
replaced by (p/m)ne where p is the density of the material, m is the atomic or 
molecular mass and ne is the number of electrons in an atom/molecule.
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Roughness of a sample can be characterised as if the interface is not abrupt, the 
reflected intensity will deviate from that predicted by the law of Fresnel 
reflectivity and hence density and roughness can be extracted.
In multilayer stacks, the waves reflected from the different interfaces in the 
stack interact and hence interference occurs. The interference of the partially 
reflected X-ray beam causes interference oscillations through the angular sweep 
which are observed in the reflectivity measurements. An example of an XRR 
measurement for a three layer stack of a silicon substrate, a ~lnm chemical 
oxide interfacial layer and a ~4nm hafnium oxide film is shown below.
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Figure 3.14 - Example XRR measurement for a three layer stack with a silicon 
substrate, a ~Inm chemical oxide interfacial layer and a ~4nm hafnium oxide
Similar to spectroscopic ellipsometry, the important information about the 
sample is extracted by creating a model from known information such as the 
nominal thicknesses of the layers, density and any expected non- idealities such
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as roughness and grading. Data is generated for the model and compared to the 
experimental data. The parameters are then modified by a fitting algorithm until 
the model accurately represents the measured data. If the fit is insufficiently 
accurate then the model will be modified by the user including different non­
idealities or more layers and the fit process repeated.
3.7. Conclusions
In this chapter, techniques which have been used to analyse high-k gate 
dielectrics in this thesis have been described and discussed.
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Chapter 4
Haftiium oxide and hafnium 
silicate films
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4. Hafnium oxide and hafnium silicate films
4.1. Introduction
The chapter conunences with a literature review of hafnium based dielectrics. 
This is followed by experimental results on hafnium oxide and hafnium silicate 
films. The physical and electrical characteristics of the layers are measured to 
allow a study into the effect of altering the silicon content of a hafnium silicate 
film. New approaches are used for characterization of metal oxides (liigh-k) 
thin films using SE, including density estimation for hafnium oxide and hafnium 
silicate films; the density is an important physical characteristic of a film and is 
required for the interpretation of assessment of medium energy ion scattering 
results. Finally, a technique is described, using SE and Capacitance Voltage (C- 
V) measurements, for de-convoluting the lattice contribution to the relative 
permittivity and its dependence on the film composition. An anomalous shape 
in the graph of hafnium content versus lattice contribution is explained by 
further analysis using MEIS and TEM and the three techniques are compared as 
a thickness measurement.
4.2. Literature review for hafnium oxides and silicates
Hafnium oxide was one of the first dielectrics to show promise as a possible 
high-k replacement material for silicon dioxide. However, in practice, deposited 
hafnium oxide gate stacks suffer many problems such as degraded field effect 
carrier mobility [1], Fermi-level pinning at the poly-silicon/Hf02 interface [2], 
threshold voltage instability during processing [3] and also during device 
operation [4]. The Fermi-level pinning problem at the poly-silicon/Hf02 
interface is one of the main reasons why metal gates are preferred for Hf02 
devices. Instability during high temperature processing [5] is also a major 
problem as the film becomes polycrystalline with grain boundaries which are 
known to enhance the diffusion of dopants through the film [6, 7] and also 
increase film leakage. Another major problem is the formation of a low-k layer 
at the film/silicon interface which lowers EOT of the dielectric stack. There are 
three proposed solutions to these problems which are: a) the incorporation of 
nitrogen into the film [8], b) the use of hafnium silicates [9] or c) the use of 
hafnium aluminates [10].
73
Hafiiium silicates are grown by incorporating silicon into a hafnium oxide layer 
during deposition. The expected advantage to using hafnium silicates compared 
to the pure oxide is that this should produce a film with increased crystallisation 
temperature [11], which has a stable amorphous structure [6, 12, 13] and 
provides resistance to oxygen diffusion [6,11], thus avoiding the formation of 
any interfacial layers. They however suffer from a lower k value than the pure 
oxide having a k value measured to be k=l 1-12.4 [14] (compared to 21-25 for 
Hf02 [15, 16]) from Capacitance Voltage (C-V) analysis.
Fowler-Nordheim, Poole-Frenkel and trap-assisted tunnelling leakage 
mechanisms have been observed in hafiiium oxide and hafnium silicate films 
and from associated analysis the conduction band offset for hafnium oxide has 
been reported to be 1.4eV [14] which is very close to the theoretically calculated 
value for conduction and valence band offsets which are 1.5eV and 3.4eV 
respectively [17]. Xu et al [18] examined the leakage currents through a 
hafiiium oxide film under different bias regimes. It was discovered that at low 
oxide fields under both gate and substrate injection regimes the shallow traps in 
hafnium oxide could not contribute to leakage and so only direct tunnelling and 
trap assisted tunnelling were observed. At higher oxide fields there was seen to 
be a transition for both gate and substrate injection to Fowler-Nordheim and 
Poole-Frenkel mechanisms with Poole-Frenkel hopping dominating leakage at 
the highest bias voltages. The shallow trap depth was extracted from the Poole- 
Frenkel plot and values of trap depth were found to be between 0.5-0.8eV below 
the hafnium oxide conduction band. From Poole-Frenkel analysis trapping 
levels in hafnium silicate have been observed to occur deeper than hafiiium 
oxides at 1-1.1 eV under the conduction band edge [19]. During the P-F analysis 
it was possible to extract die dynamic permittivity from the I-V characteristics 
which is reported to be 3.2-3.5 [20].
Takeuchi [20] combined results from many published studies on hafnium 
silicates to establish the relationship between the relative permittivity of a 
hafnium silicate film and its hafiiium oxide content. Takeuchi commented that 
due to the lack of data for similar film preparation methods, the variation 
between the various experimental data was too large to formulate a consistent
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trend. To solve this problem, Takeuchi proposed the use of three separate 
relationships shown in figure 4.1 below as the three possible simple trends.
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Figure 4.1 - Plot showing proposed trends for current experimental relative 
permittivity versus film hafnium content for hafnium silicate films |20|
It can be seen from figure 4.1 that, as expected, for increasing hafnium content 
of the film, the relative permittivity of the film increases. However from the 
plot it is noticeable that there is unlikely to be a linear correlation found to 
explain the relationship and hence the case 3 trend was included to provide a 
reference by which to observe the other trends.
A relationship between the optical band-gap of a hafnium silicate film and its 
hafnium oxide content has also recently been reported which shows the band- 
gap decreases by roughly 50meV for hafnium oxide up to 64% at which the 
band-gap becomes constant at 5.7eV as shown in figure 4.2 below. It is 
expected that the reason for lower leakage of hafnium silicate compared to 
hafnium oxide is this greater band-gap and also greater effective electron rest 
mass of hafnium silicate [21].
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Figure 4.2 - Graph showing decrease of optical band-gap of a hafnium silicate film 
with increasing hafnium content (Please see Takeauchi et al for references) (20|
The structure of hafnium silicates is expected to be similar to that of zirconia 
because zirconium and hafnium share the same group in the periodic table, and 
hence the same outer electron configuration. Wilk et al [22] published XPS 
results for sputtered hafnium silicate layers which showed Hf-O and Si-O 
bonding within the film, but no Hf-Si features were present. Lucovsky et al [23] 
have proposed that bonding constraints at the silicon/insulator interface had to 
be considered because systems that are over- or under-constrained with respect 
to Si02, possess a high density of electrical defects near the silicon/dielectric 
interface and this is known to result in poor electrical properties. Wilk et al [22] 
explained in their review of high-k dielectrics that this meant that any silicide 
bonding which forms near the channel interface will tend to form unfavourable 
bonding conditions leading to increased leakage current and reduced electron 
channel mobility [24]. High leakage currents associated with hafnium silicide 
have been observed experimentally by oxidising pure hafnium silicide layers to 
produce hafnium silicate films [25]. The effect of sputtering temperature on the 
characteristics of hafnium silicate layers has been investigated by XPS [22] and 
it was observed that higher sputtering temperatures produced more Hf-O and Si-
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O bonds while avoiding silicide formation. Hafnium silicate films of similar 
composition produced by e-beam evaporation at a temperature of 600°C 
exhibited higher levels of Hf-O and Si-0 bonding within the film, however, 
there were also peaks present corresponding to silicide bonding [22]. Due to the 
silicide formation it would be expected that transistors incorporating e-beam 
evaporated material would have inferior electrical characteristics to those with 
sputtered gates. Sputtered hafnium silicate films containing low hafnium 
content and capped with amorphous silicon have been observed to remain 
amorphous and stable for a poly-silicon gate activation anneal of 1050°C for 20s 
in pure nitrogen. It was proposed that hafnium silicates with a hafnium content 
of less than 30% would remain amorphous at process annealing temperatures 
[22].
Cho et al [26] studied phase separation of hafnium silicate as a function of 
composition and temperature by thermally annealing ALD deposited hafnium 
silicate, (Hf02)x(Si02)i-x, samples of compositions x =0.25, 0.50 and 0.75 in N2 
at temperatures above 800°C. Cho reported that the degree of the sharpening 
of the HfO 4f peak in the XPS peak spectra was related to the degree of phase 
separation within a hafnium silicate film and from studying the spectra he was 
able to ascertain that phase separation does not occur even at temperatures of 
900°C for a x=0.25 sample, however the x=0.75 sample cannot resist phase 
separation at only 800°C [26]. Cho proposed from MEIS measurements taken 
of annealed samples that during annealing, small Si02 grains intrude into the 
HfSi02 layer at the high-k film surface but as the temperature is increased up to 
900°C the quantity of extracted Si02 at the film surface exceeded that of the 
incorporated mole fraction of Si02 in the as-grown film [26], This meant there 
was another source causing the remaining Si02 at the high-k layer surface and 
this was reported be the result of diffusion from the Si substrate through the 
llf'02 film.
The inclusion of nitrogen into the film refers to the deposition of a hafnium 
silicate film in an environment containing nitrogen gas or post deposition 
annealing in an environment which would diffuse nitrogen into the film. Both 
these methods lead to the formation of a hafnium silicon oxynifride film 
(HfiSiON) which was studied by M. Koyama et al [8]. This study showed that
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the inclusion of nitrogen reduced the formation of crystalline grains of Hf02 
within the film during poly-silicon activation annealing (N2 at 1100C for 15s) 
and the film was shown to be completely homogeneous when the nitrogen 
concentration was above a concentration of 30 at %. As well as resisting phase 
separation, the films were seen to show extremely stable k-values even after 
annealing at 1000°C in pure nitrogen. Analysis of the boron concentration as a 
function of depth in the samples showed a considerable reduction of the boron 
penetration depth into the silicon substrate as the nitrogen concentration within 
the film was increased. Inclusion of nitrogen into a hafnium silicate film 
however has been reported to reduce the band-gap and band offsets of the 
silicon/HfSiON interface [27]. By comparing a hafnium silicate layer 
containing 40% Hf02 which had been nitrided, to an as-deposited sample it was 
observed that the nitridation of the HfSiO film reduces the band-gap of the film 
by ~1.50eV compared to a pure hafnium silicate film. From further analysis it 
was discovered that the valence band and conduction band offsets with the 
silicon substrate had been reduced by ~1.2eV and 0.33 eV respectively when 
compared to pure hafnium silicate. This reduction in band offsets are reported 
to not be serious enough to affect the viability of HfSiON for use in future 
CMOS applications, however they will cause an increase in the leakage currents 
measured through such a film.
Cho et al [28] compared the effects of pure nitrogen and pure ammonia 
annealing on hafnium silicate films containing a high hafnium mole fraction of 
0.75. Hafnium silicate films of thickness ~3,5nm were deposited by ALD on 
top of silicon substrates which were covered by a ~1 nm thermal Si02 layer 
[28]. The samples were split into two groups which were exposed to RTA 
annealing in either N2 at a temperature of 900°C for 1 min or NH3 at a 
temperature of 900°C for 1 min. It was reported that monoclinic crystal grains 
of hafnium oxide were formed within the hafnium silicate film which was 
annealed in pure N2, however no such crystal regions were reported for the film 
annealed in NH3 and this suggests that NH3 might suppress the phase separation 
of hafnium silicate films. The annealing process however also increased 
interface layer of both samples by approximately 2nm and reduced the thickness 
of the layers with the thickness reduction of the high-k layer being almost four
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times bigger in the sample annealed in N2. Near edge x-ray absorption fine 
structure (NEXAFS) spectra measured on the sample annealed in pure nitrogen 
exhibited peaks associated with phase separation; however, the sample annealed 
in NH3 was observed to be amorphous and homogenous indicating that the NH3 
ambient aids the resistance of phase separation. The suppression of phase 
separation was expected to be caused by nitrogen incorporation as annealing in 
NH3 incorporated a nitrogen concentration of -20%. The nitrogen was seen to 
be uniform with depth and the oxygen concentration of the film was seen to fall 
in parallel with the increase in nitrogen concentration. This suggests that the 
nitrogen substitutes for oxygen within the material and this was confirmed by 
XPS analysis by H-J Cho et al [29] which reported a decrease in Si-O bonds as 
the concentration of Si-N bonds increased during NH3 annealing. Electrical 
characterisation of MOS capacitors formed with platinum electrodes was carried 
out and a k-value of -15 was extracted from HFCV measurements [28]. It was 
observed that die flat-band voltage shift for samples annealed in NH3 was 
negative suggesting that there was an increase in positive oxide charge, 
presumably due to the nitrogen incorporation. The flat-band voltage shift for 
the samples annealed in N2 was seen to be positive which suggested either a 
decrease in positive oxide charge due to an improved interface by out-diffusion 
of impurities, an increased interface layer thickness or increase in negative trap 
charge which could be caused by an increase in grain boundaries due to phase 
separation.
H-J Cho et al [29] also compared the effects of annealing of ALD prepared 
hafnium silicate films in NH3 or N2. MOS transistors were formed using poly­
silicon gates from films either annealed in NH3 at a temperature of 750°C for 
60s or annealed in N2 at a temperature of 950°C for 60s. The EOT of the 
samples annealed in pure nitrogen and NH3 was only 0.1 nm higher and 0.25nm 
smaller respectively than that of the as-deposited film. The normalised 
saturated drain current of the MOSFETs were measured and it was seen that 
annealing in a pure nitrogen environment causes an increase of 24% compared 
to the as-deposited for a corrected bias voltage of 1.2V (Vg-VaO- The NH3 
anneal however degrades the normalised drain current by 4% compared to the 
as-deposited gates at a corrected bias voltage of 1.2V. This is at least partially
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due to the degradation in the effective mobility of the carriers possibly resulting 
from a large nitrogen concentration at the gate dielectric/channel interface, as 
discussed earlier. As expected the effective carrier mobility in the associated 
MOS transistors annealed in pure nitrogen was over 12% larger than that of both 
the as-deposited and NH3 annealed MOS transistors. The best compromise 
between the film stability and effective mobility was to first anneal in NH3 at 
750°C for 60s followed by the pure nitrogen anneal at 950°C for 60s. This 
sequence incorporated nitrogen into the film to prevent phase separation whilst 
the nitrogen anneal improved the effective mobility of the carriers to that of the 
MOSFETs which had been annealed only in the pure nitrogen. The pure 
nitrogen amieal was seen to only remove ~1.5% of the nitrogen incorporated by 
the NH3 anneal (13%).
Finally, it is worth noting that hafhia based dielectrics have been successfully 
incorporate into production by Intel [30].
4.3 Experimental results
4.3.1. Sample preparation
Hafnium oxide films with nominal thicknesses of 4nm, 6nm and 8nm were 
deposited by atomic layer deposition (ALD) on p-type Si wafers covered with a 
nominally Inm thick rapid thermal oxide (RTO) Si02. Also hafnium silicate, 
(Hf02)x(Si02)i-x, thin films (x=0.3, 0.5, 0.7 and 1.0) of 4nm nominal thickness 
were deposited using the metal organic chemical vapour deposition (MOCVD) 
process, upon p-type silicon wafers coated with, a chemical oxide of ~ 1 nm 
nominal thickness.
4.3.2. Spectroellipsometric measurements and data analysis methodology 
Two different J. A. Woollam variable angle spectroscopic ellipsometers were
used for analysing the samples. The thickness of the samples was estimated 
using a J.A. Woollam M2000UI spectroscopic ellipsometer which can record 
data for a series angles over a spectral range of 240-1700nm (5.2-0.7eV). 
Measurements were performed for three angles of incidence (65, 70 and 75) 
across the measurable spectral range. Further measurements on the band gaps 
and band gap variations were performed by collaborators at J.A. Woollam inc. 
using a J.A. Woollam VUV-VASE spectroscopic ellipsometer, which can also
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measure data for a number of angles but covers a spectral range of 140 nm to 
1700 nm (8.87 - 0.73eV respectively) using a nitrogen purge to avoid the 
atmospheric absorptions of UY radiation. The VUV-VASE measurements were 
performed at multiple angles of incidence (70° - 75°, 1° steps) over the 
measurable spectral range and data acquisition and analysis was performed with 
WVASE version 3.517.
4.4. Analysis of spectroscopic data
For each of the different interfacial films, there was a bare control sample grown 
under the same conditions as the interfacial film used in the samples deposited 
with high-k layers. This allowed analysis of the interfacial layer alone, this 
reducing the complexity of analysing a full high-k stack into two much simpler 
stages. It was assumed that the optical properties of the interfacial layer were 
not significantly altered by the deposition of the hi-k material. The two models 
used in the fitting can be seen below in figure 4.3.
High-k Film
RTO or Chemical Oxide (tnj RTO or Chemical Oxide
(tiL from control sample analysis)
Silicon Substrate Silicon Substrate
Figure 4.3 - Two models showing the procedure for fitting the hafnium 
oxide/silicate samples. Model a) was used to analyse the interfacial layers and then 
the properties of the interfacial layer was fixed in model b) to extract the properties
of the high-k layer
The rapid thermal oxide (RTO) interfacial layer was measured using 
spectroscopic ellipsometer and fitting was perfonned using the database 
refractive index values for a thermal oxide layer. To improve the accuracy of 
the fit, a Cauchy layer fit procedure was carried out as explained in Chapter 2.10 
fitting the film thickness and first Cauchy parameter in the wavelength region 
600-1700nm and then fitting the three Cauchy parameters over the entire 
measured spectral range.
The chemical oxide interfacial layer was measured using spectroscopic 
ellipsometer and fitting was attempted with both a database silicon dioxide
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layer, fitting for thickness alone, and a Cauchy layer where the fitting was 
performed for thickness and either 2 or 3 Cauchy parameters, in the transparent 
region. These layers gave the expected values for thickness. However, when 
expanding the fitted spectrum over the entire measured range, it proved 
impossible to fit to the experimental data to produce acceptable physical results 
for the optical constants. The optical constants were therefore fitted using a 
Lorentz layer with two oscillators. This Lorentz interfacial layer was used when 
analysing the high-k films. The chemical oxide thickness extracted from this 
control sample tn^l.bnm, was kept constant in all further models.
The thickness for the Hf02 and (Hf02)x(Si02)i.x layers was then extracted using 
a Cauchy layer in the transparent region. The results obtained for the 
thicknesses of the high-k layers, are summarised in the table below:
Sample molecular Hf02
content, x
High-k film thickness (nm)
0.3 2.41
0.5 3.19
0.7 3.31
1.0 4.29
Table 4.1 - Table summarising the film thicknesses extracted for the hafnium oxide 
and hafnium silicate thin films using SE
The thicknesses of the layers were now fixed and a point-by-point fit was 
performed over the entire measured range, to allow extraction of the optical 
constants. The imaginary component was first fitted alone to the prototype 
point-by-point extracted optical constants using two Tauc-Lorentz oscillators. 
The Sellmeier poles were then fitted in standard order with the amplitude of the 
highest energy pole fitted first, followed by then the energy of the high energy 
pole and then the amplitude of the long wavelength pole. The real part of the 
permittivity, ei was then fitted to improve the fit to the point-by-point prototype 
layers. A fit was then performed to the experimental data to check the accuracy 
of the oscillator model. The optical constants for the various hafnium oxide and 
silicate layers which were extracted using this procedure are shown in figures 
4.4 and 4.5. It can be seen in figure 4.4 that the higher the molecular content of
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silicon, then the lower is the real value of the relative permittivity at the lowest 
energy. It can be seen also that as the silicon dioxide content increases, then the 
peak seen in the real part of the relative permittivity decreases significantly.
d07 (Hf.Si = 70:30)
d08 (Hf.Si = 50:50)
d09 (HfSi = 30:70)
Energy (eV)
Figure 4.4 - Real dielectric constant extracted using general oscillator model for 
MOCVD hafnium silicate thin films
Turning to figure 4.5, it can be seen that the imaginary part of the relative 
permittivity, 82 at the band edge decreases in magnitude as the silicon dioxide 
content increases. The maximum of the absorption on the plot also looks to 
shift to higher energies with increasing silicon dioxide content. From the 
imaginary part of the optical constants in figure 4.5, the absorption coefficients, 
a, were calculated using the technique in chapter two and by using a Tauc plot 
of (anE)12 versus E, both the direct and defect related band gaps were extracted. 
The plots are shown below in figures 4.6-4.9.
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(Hf:Si = 70:30)
(Hf:Si = 50:50)
(Hf:Si = 30:70)
3.5-
3.0-
2.5-
1.5-
Energy (eV)
Figure 4.5 - Imaginary dielectric constant extracted using general oscillator model 
for MOCVD hafnium silicate thin films
14000-
12000-
10000-
8000-
4000-
= 4.69 eV
5.52 eV
Energy (eV)
Figure 4.6 - Tauc plot for Sample D06 (100% Hf02) showing band gap and near
band edge state
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14000 n
D07-Hf:Si (70:30)12000 -
10000 -
8000-
6000-
4000-
= 4.312000-
= 5.62 eV
Energy (eV)
Figure 4.7 - Tauc plot for Sample D07 (70% Hf02) showing band gap and near
band edge state
14000
12000 -
DOS - Hf:Si (50:50)10000 -
4000 -
E. = 4.13 eV2000-
E = 5.71 eV
Energy (eV)
Figure 4.8 - Tauc plot for Sample DOS (50% Hf02) showing band gap and near
band edge state
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12000 -i
10000-
D09 • Hf:Sl (30:70)
O 6000-
— 4000 -
2000 - E = 5.54 eV
Energy (eV)
Figure 4.9 - Tauc plot for Sample D09 (30%HfO2) showing band gap and near
band edge state
The band gap results are summarised in table 4.2 below
Hf02 molecular
content, x
[(HfD2)x(Si02)1.x]
Band gap
(eV)
“Near” band gap
defect level (eV)
AEg Eg-Ejefecf
(eV)
1.0 5.52 4.69 0.83
0.70 5.62 4.31 1.31
0.50 5.71 4.13 1.58
0.30 6.12 5.54 0.58
Table 4.2 - Summary of the band gap values and near band edge defect levels for 
the hafnium oxide and hafnium silicate films
The energy position of the band gap and the ‘near’ band gap defect or energy 
level, were plotted against the molecular content of hafnium oxide as shown in 
figure 4.10. The band gap is seen to decrease as expected, with increasing 
hafnium oxide molecular content. The largest increase is between a hafnium 
oxide molecular content of 0.3 and 0.5. The near band gap defect level is 
relatively shallow in pure hafmum oxide but almost doubles in depth as the
86
silicon dioxide content of the high-k layer increases. This effect has been 
reported elsewhere [19]. The depth of this energy level for the hafnium silicate 
layer with the lowest silicon dioxide content shows an interesting result because 
it is lower than that for pure hafnium oxide. The reason for this is unknown but 
it may be an erroneous result for the near band gap energy level as the trend for 
this sample changes significantly compared to the other higher hafnium oxide 
content samples. However it could be related to the layer now behaving more 
like a silicon dioxide with hafnium oxide impurities as opposed to a hafnium 
oxide with silicon dioxide impurities. It can be seen that the energy level of the 
defect in the lowest hafnium content layer is the same as the band-gap of pure 
hafnium oxide. Therefore it is possible that the hafnium oxide impurities in the 
mainly silicon dioxide layer is now providing an energy level in the band-gap of 
the film.
Band gap
"Near*' band gap
r 5.0-
4.5-
4.0-
Hf02 molecular content, x
Figure 4.10 - Graph showing the band gap and the near band gap energy level or 
defect plotted versus the hafnium oxide molecular content
4.5. Electrical analysis of the hafnium oxide and hafnium silicate samples
After ellipsometry measurements had been carried out, a sample of each wafer 
was taken and MOS capacitors were formed by depositing gold as the gate 
electrode on using a shadow mask arrangement to define large, circular 
capacitors with area 7.1x1 O'8 m2 and 4.9x1 O'8 m2.
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Hf/Si:
D12, 70/30 
D13, 50/50 
D14, 30/70
Gate voltage (V)
Figure 4.11- Graph showing the leakage current densities measured for the 
hafnium silicate thin films of different hafnium molecular content for both the 
positive (substrate injection) and the negative gate bias (gate injection) regimes
Current-voltage measurements were taken for all of the samples in both the 
negative and the positive regimes and the resulting current density versus gate 
voltage plots can be seen in figure 4.11. It can be seen that the lowest leakage 
currents (by over an order of magnitude) were measured for the layer which had 
the lowest hafnium molecular content. If the current is barrier limited, this 
would be expected as these layers had the highest band-gap and band offsets, 
based on the ellipsometry results. The highest leakage was measured for the 
layers with a hafnium oxide content of ~50%. A more detailed study of leakage 
current measurements is required to resolve the latter anomaly but this is beyond 
the scope of the study here. The leakage current in the substrate injection regime 
is seen to saturate. This saturation is caused by a lack of supply of electron 
minority carriers associated with the p-type substrate, in the inversion operating 
regime.
C-V measurements were taken across a range of frequencies between 1 kHz and 
1 MHz to reveal large frequency dispersion. This was likely to be related to a 
ieaky interface’ and the correction technique proposed by Yang et al [31] was 
applied to extract the true accumulation capacitance of the stack. The 
capacitance plots for all of the samples are shown in figure 4.12. The extracted 
parameters for the devices are shown in table 4.3 and the hafnium silicate
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(except x=0.7) films can be seen to display slightly lower flat-band voltages of 
—0.1 V compared to the hafnium oxide sample. This was reported in [32], where 
it was suggested that it could be due to the role of hydrogen in the films. 
Interstitial hydrogen has been reported to act as a shallow donor in hafnium 
oxide films, but it is suggested that this defect lies deeper in the band gap of 
hafnium silicates. This could also explain the near band edge defect seen in the 
ellipsometry results.
Hf:Si ratio:
70:30 (D07)
50:50 (DOS)
-0- 30:70(D09)
Gate voltage (V)
Figure 4.12 - Frequency corrected CV plots for (HfOzMSiOz)!.* samples containing 
various levels of hafnium oxide molecular content (Cacc: D06=711.7pF, 
D07=925.6pF, D08=627pF and D09=600.7pF) (Area: D06, DOS and D09 = 4.9x10
8m2 and D07 = 7.1x1 O^m2)
Sam
ple
*
3
K>
ih
o
K>
SE high-k (nm
)
SE 
interfacial
layer (nm
)
Effective oxide
thickness (nm
)
Flat 
band
voltage (V
)
' a. ti
tr rt> •
a
3
O' o
£
OQo>
D06 100:0 4.3 1.6 2.38 1.27 -10.4
D07 70:30 3.3 1.6 2.64 1.28 -8.1
DOS 50:50 3.2 1.6 2.70 1.17 -6.8
D09 30:70 2.4 1.6 2.82 1.14 -6.5
Table 4.3 - Structural and electrical data extracted for the hafnium oxide and 
hafnium silicate layers with various hafnium oxide content
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The oxide fixed charge was calculated using the work function of 5.1eV for the 
gold gate material. The charge was found to be negative in polarity and of the 
order >5xlOl2cm'2. This value is large; however the fixed oxide charge is seen to 
decrease with increasing molecular content of silicon dioxide. The dielectric 
constant was extracted from the C-V data using the SE measured thicknesses 
and the pure hafnium oxide was found to have a dielectric constant of 21 which 
reduces to a k-value of ~8 for the hafnium silicate with a molecular content of 
0.3. The dielectric constant was plotted versus molecular hafnium oxide content 
for these samples along with other published results to allow comparison and 
this can be seen in figure 4.13. The dielectric constant results for these samples 
are seen to be similar to previously published work, but appear to have slightly 
higher values than other MOCVD deposited hafnium silicate samples. As 
reported previously by Takeuchi [19] for hafnium silicate, the k-value seen in 
figure 4.13 is seen to vary non-linearly with hafnium oxide content and so 
fitting with a single curve is difficult. To aid viewing of the trends a line was 
drawn between the results.
O PECVD.Rrf. &3) 
A Sputtering. R<f[34) 
♦ Sputtering. Ref.(35l 
☆ CVD.Ref. (361
f MOCVD. Ref.(371 MOCVD. Ref.(38l A ALD. Ref. (39)
—I— MOCVD. D06-D09
Hafnium content (x)
Figure 4.13 - Graph showing the relative dielectric constant for these hafnium 
oxide and hafnium silicate samples along with results reported by other research
groups
Much work has been published on the prediction of the optimum composition of 
hafnium silicate film. Callegari [34] proposed that the optimum composition
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would have to be less than ~30% hafnium oxide content to avoid the 
crystallisation during high temperature processing. Takeuchi proposed a figure 
of merit k(m*<I>B)05 which included the effective tunnelling mass, m*, the 
relative permittivity , k, and the barrier height, Ob. Using this model, Takeuchi 
predicted that the optimum hafnium content was ~20%. However it can be seen 
from figure 4.13 that, such low hafnium content will provide k-values of less 
than 8 which is unacceptable for a gate dielectric replacement material. Krug et 
al [40] also acknowledged this problem and proposed an optimum hafnium 
oxide content of 60% which would give a k-value of ~12 from figure 4.13.
4.6. Density extraction using optical techniques
4.6.1. New technique for extraction of density of hafnium oxides
The relation between the density of inorganic solids and their optical properties 
is well established [41] and given by the Clausius-Mossotti shown in equation
4.1. A simple relation between the refractive index (n) and density (p) is 
apparent and so the density of a hafnium oxide film can be extracted, using the 
refractive index obtained from SE:
k2-!
n2+2
^ 4/T ^
ae =4.191
V
\ mj
a i ^Av°gP
= 4.19------ —a„
M e (4.1)
Here, n is the refractive index, am is the molecular polarizability, M is the molar 
mass, p is the density and NAvag is the Avogadro constant. This equation 
assumes that the molar polarization is constant for a particular material 
irrespective of temperature and the pressure. Also it ignores the orientation of 
molecular dipoles in the applied field. These assumptions are justified at high 
frequencies (i.e. optical) as the orientation of molecules is too slow and hence the 
polarizability is purely electronic being insensitive to temperature and pressure 
even in highly condensed phases where intermolecular forces are large. For the 
equation to be valid any resonant absorption peaks need to be avoided as these 
cause the refractive index to be anomalously large. The Clausius-Mosotti 
equation was studied extensively by R.D. Shannon’s research group in the early 
1990’s and so for greater understanding of its application then the reader is 
encouraged to read the references by Subramanian et al [45] and Shannon [46].
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The polarizability (dm) depends on the so-called structural units of which a 
material is composed [41]. In these calculations, it was assumed that the main 
structural unit for Hf02 is HfOg [42].
The ALD hafnium oxide films deposited on a rapid thermal oxide IL were 
analysed by modelling the high-k as a Cauchy layer and by using the previously 
extracted thickness and optical constant values for the RTO interfacial layer. 
The thickness and refractive indices were extracted for all the samples using the 
procedure explained in chapter 2.10 for Cauchy layer fitting including an 
Urbach tail. The density for the ALD hafnium oxide films with rapid thermal 
oxide (RTO) interface was calculated using the polarizability for the HfOg 
structural unit calculated by Rignanese [41]. Rutherford back scattering (RBS) 
measurements were then performed on the samples to extract the hafnium 
concentration and the extracted density results were plotted against these and 
can be seen below in figure 4.14.
8000 - ■ ALD Hafnium oxide (Grown on RTO interface)
CN
Ecn
coc
0)
Q
7000-
6000-
---------- - --------- 1---------- - --------- 1---------- 1---------- 1-----
0.00E+000 5.00E+015 1.00E+016 1.50E+016
Hafnium Concentration (cm2)
Figure 4.14 - Density variation for ALD hafnium oxide samples with different 
stoichiometry measured by Rutherford backscattering (RBS)
The density of pure bulk crystalline Hf02 is 9680kg/m3 [9, 10]. The density 
extracted for the ALD hafnium oxide films deposited on rapid thermal oxide 
varied between 5916-7753 kg/m3 with the density increasing with the hafnium 
content. The likely reason for the wide range in calculated densities is due to
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the lower stoichiometry and the lower physical density of the thinner hafnium 
oxide films. The stoichiometiy is affected by the deposition method used to 
deposit a film and in the case of the ALD samples, is improved by increasing 
the number of deposition cycles (and hence increasing the film thickness).
4.6.2. Density extraction of hafnium silicates
The technique was next applied to HfSiO samples. The molecular mass (M) 
and polarizability (aan) terms were obtained by considering specific values for a 
given composition. am = am (MAxM’epOAy+Bq) for a mixed oxide (MxOy + 
M’pOq) using the additivity rule which states that
am{^^Ax^Bp^Ay+Bq} ~ 4" B&m(MpOq) (4.2)
This modification was required due to two reasons, the first was the presence of 
two forms of structural unit with different coordination within hafnium silicates, 
namely Hf06 and HfOg and the second was that the silicon dioxide content in 
the layers needs to be considered. The prevalence of each of these structural 
units is expected to depend on the hafnium content, with low and high (>50%) 
hafnium content films being composed completely of HfO<j and HfOg [42] 
respectively. The values of the density of the hafnium silicate films were 
calculated using polarizabilities from Rignanese [41], which varied between 
7595 and 8319 Kg/m3 for a variation of n between 1.65-1.95. The results 
presented in Fig. 4.15 show the density of the analyzed films if they were 
composed of a) only HfOg and b) only HfOg; independent of composition in 
both cases. It can be seen that the densities increase with increasing hafnium 
content.
X-ray reflectometry (XRR) measurements were later carried out at IMEC on the 
hafnium oxide and hafnium silicate samples. A wavelength of 1.451A was used 
and the incidence angle varied through the range 300-15000sec with a step-size 
of 50sec. The experimental data was modelled using a four-layer representation 
comprising of a silicon substrate, a silicon dioxide interfacial layer and two 
high-k layers representing a dense high-k layer and a less dense high-k 
overlayer. The properties extracted by XRR are shown in table 4.4.
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Sample 
Hf02 
ratio (x)
Hf02
/HfSi02
layer
thickness
(nm)
Hf02
/HfSi02
Dense
layer
density
(g/cm3)
Hf02
/HfSi02
overlayer
Thickness
(nm)
Hf02
/HfSi02
overlayer
density
(g/cm3)
XRR
averaged
density
(g/cm3)
1 3.40 9.87 0.198 8.56 9.80
0.7 2.75 7.52 0.425 6.66 7.41
0.5 2.78 6.57 1.575 1.81 4.86
0.3 2.28 5.28 1.227 0.85 3.73
Table 4.4 - Table showing the layer thicknesses and densities extracted by x-ray 
reflectometry for the two layer model and including the averaged layer density
The model of best fit for the experimental XRR results was obtained by 
considering the hafnium silicate as two layers, namely a dense high-k layer and 
a porous over-layer of density between 10-20% less than the dense layer. To 
allow comparison of the results from the XRR analysis and the single high-k 
layer density extracted using ellipsometry, the density measured using XRR was 
converted to a weighted average value using equation 4.8 below, where p0L and 
Pdl are the densities of the dense layer and the over-layer and tot and tDL are the 
thicknesses of the dense layer and over-layer respectively. Both the weighted 
average density value from equation 4.3 below and the density for the dense 
layer from the XRR results were plotted in figure 4.15 along with the density 
values for bulk Hf02 and Si02 as a reference.
n2 — 1 
n2 + 2 = 4.19
^ 1()NAvagP
M
(4.3)
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p(SE) (Hf08 & Si04 SU) 
p(SE) (HfQ6 & SiQ4 SU)
Ideal Si02 Density
Sample Hf02 ratio (x)
Figure 4.15 - Density variation for hafnium silicates thin films
It can be seen that the density extracted using SE was at most, 15% lower than 
that extracted using XRR. A possible source of error for the XRR results is the 
surface roughness of the films as the density values extracted for the porous 
over-layer for samples containing the highest proportion of Si02 dropped to 
below half that of bulk silicon dioxide. This suggests some limitations of the 4- 
layer model for the hafnium silicate layers at least for the case of hafnium oxide 
molecular fraction (x) less than 0.5.
Attempts were made to extract the properties of a thin porous over-layer added 
to the ellipsometry model, however as expected for such a thin film, further 
complexity added to the model resulted in large values of correlation between 
the high-k thickness, optical constants and the porous over-layer meaning that 
independent extraction was impossible. Therefore, it can be concluded that the 
one- layer high-k model for these samples represents the best that can be 
achieved with spectroscopic ellipsometry. It can be appreciated that further 
improvements to the accuracy of the density estimation technique will require 
better understanding of the chemistry occurring within the high-k dielectric 
materials. The accuracy of the density extraction technique using SE results 
could also be assessed by further study into the use of structural units within the 
films, given that structural units are used to describe a crystalline structure and
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our films are thought to be amorphous. Densities of hafnium silicate films of 
various stoichiometry levels have been estimated previously [43] by combining 
film thickness data obtained by TEM, with the amount of hafnium deposited, as 
calculated from RBS measurements. A conclusion was drawn that the density of 
pure Hf02 was lower than the ideal bulk value and also for thinner films [43]. 
However, the results reported here show densities for hafnium silicate films 
over a wide composition range. The results indicate that the density of MOCVD 
hafnium silicate films is inversely proportional to hafnium content. In 
comparison with the methodology presented in [43], this method has the 
advantage of being simpler, non-destructive and non-invasive and should be 
useful at least for comparative measurements in a production environment, if 
appropriately calibrated.
4.7. The static dielectric constant
The static dielectric constant has two contributions; one being the so-called 
electronic component, while the second is the lattice or phonon related 
component. Using the same terminology as in [41], the “zero” frequency static 
dielectric permittivity tensor can be written as:
(4.4)
where is the high frequency dielectric permittivity tensor and the second term
accounts for the phonon contributions. From SE measurements between 240 — 
1700 nm (1.57 - 0.17xl09 MHz), the high frequency part of the complex 
dielectric constant was extracted. The same samples were analysed using C-V 
measurements and a dielectric constant extracted from the accumulation 
capacitance. The phonon contribution can be then related to information 
obtained through atomic structure calculations — [44], and IR spectroscopy 
results available in the literature [42 and references therein].
The static dielectric constant obtained from C-V measurements and the high 
frequency dielectric permittivity from SE was substituted into equation 4.3 and 
the lattice confribution was extracted for all of the hafnium silicate samples. 
The results are presented in figure 4.16. The figure also contains data for the 
chemical oxide interfaced HfCb sample which has different stoichiometry, as
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well as data for pure Si02. These results can give an indication of the 
contributions brought in by different atomic entities and the impact upon the 
static dielectric permittivity. It can be seen that for the sample around a hafnium 
oxide content of 50%, a spurious peak is apparent in the results.
8 4- —Real(Au Gated Samples)
- lmag(Au Gated Samples) 
—RealfTiN Gated Samples) 
--a- - imag(TiN Gated Samples)
0.2 S
Hafnium content (x)
Figure 4.16 - Lattice contribution to the dielectric constant for hafnium silicate 
films of various compositions
MEIS was carried out on the samples at the Daresbury ME1S facility using a 
lOOkeV He ion beam. The double alignment procedure was performed to give 
true surface sensitivity by reducing scattering from atoms deep within the 
silicon substrate as explained in the MEIS section. The MEIS spectra for the 
hafnium silicate layers of all nominal compositions can be seen in figure 4.17. 
Here it can be seen that the hafnium related peak decreases in both intensity and 
broadening as the silicon dioxide content increases, proving that the hafnium 
silicate layers become, as expected, lower in hafnium content and the films are 
physically thinner, as seen SE analysis. A shoulder on the silicon peak is also 
apparent, increasing in magnitude as the silicon dioxide content of the layer is 
increased. The SIMNRA program, as mentioned in chapter 3.3, was used to 
model the energy lost by the ions thus allowing depth profiles to be extracted. 
The thicknesses of the layers can be seen in table 4.5 below. The hafnium oxide 
to silicon dioxide ratios for all of the samples were extracted from the silicon 
peak in the MEIS spectra and are also shown in table 4.5 below. It can be seen 
that the hafnium oxide content of the layers is accurate for high hafnium oxide
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content but there is quite a considerable difference with the low hafnium oxide 
content. Most notable is the result for the nominally 50% hafnium oxide layer, 
which at 65% Hf02 is very close to the content of the nominally 70% Hf02 
layer. This could explain the spurious peak in the extracted values for the lattice 
contributions to the relative permittivity seen in figure 4.16 as this would shift 
the nominal 50% Hf02 point closer to the nominal 70% Hf02 point giving the 
graph a non-linear but possibly more physically reasonable ‘dispersion5 shape
Nominal
Hf02:Si02
ratio
Extracted
Hf02:Si02
ratio
Silicate
thickness
(nm)
Interfacial
chemical oxide 
thickness (nm)
100:0 100:0 4.2 1.0
70:30 71:29 3.3 1.5
50:50 65:35 3.1 1.6
30:70 35:65 2.5 1.8
Table 4.5 - Layer thicknesses and hafnium oxide to silicon dioxide ratio extracted
from MEIS
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Figure 4.17 - Measured MEIS spectra from HflSiO layers on Si (100) with Si02 
interlayer (a) and zoom on lower energies where a second peak is seen when Si 
content in high-k layers increases (b)
Cross-sectional transmission electron microscopy (TEM) was carried out on all 
of the samples by collaborators at the University of Manchester. The samples 
were prepared using standard argon ion milling methods and TEM was 
performed using a Gatan double tilt liquid N2 cooling rod in an FEI Tecnai F20 
operated at 200kV. The TEM images for the 100% Hf02 and the nominally 
50% HfD2 samples are shown below in figure 4.18. The hafnium based layer 
appears dark in the TEM images, however in some of the images; the upper 
surface of the layer appeared lighter than the bulk of the layer. A possible 
explanation for this effect is diffusion of glue into the hafnium based layer 
during specimen preparation, possibly exacerbated by surface roughness.
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Figure 4.18 - Cross TEM images for the a) 100% hafnium oxide content layer and 
b) the 50% hafnium oxide content layer samples
Thickness results for all of the methods, SE, ME1S and TEM, were plotted on 
the same graph of film thickness versus hafnium oxide content and this can be 
seen in figure 4.19 below to allow comparison. It can be seen that the 
thicknesses extracted using the three different methods concur to within 
fractions of a nanometre. The bigger differences between the TEM thicknesses 
than the others, although extremely small, could be due to the fact that SE and 
MEIS measure average thickness and TEM allows analysis the thickness to be 
viewed directly by the user.
100
—MEIS
-o-SE
-a-TEM
100:0 70:30 50:50 30:70
Samples with nominal Hf:Si ratios (%)
Figure 4.19 - Graph showing extracted high-k layer thickness versus the nominal Hf:Si 
content ratios for three different analysis techniques
4.8. Conclusions
In this chapter, analyses for hafnium oxide and hafnium silicate films deposited 
by ALD have been presented. As the silicon content of a hafnium silicate film 
is increased both the optical and electrical permittivity is observed to decrease. 
The band-gap values for the hafnium silicate films were seen to increase with 
silicon content but the leakage currents measured through the films were seen 
not to be solely dependent on composition. Defect energy levels were observed 
in the hafnium silicates which occurred deeper in the band-gap as the silicon 
content was increased, however, a silicon content of 30% was seen to contain a 
shallow trap possibly caused by the hafnium ‘impurity’ within the film. An 
estimation technique was used to assess the density decrease in a hafnium 
silicate as the silicon content was increased and the technique was verified to 
have an error of less than 15% compared to a standard density estimation 
method.
The lattice contribution of the hafnium silicate material to the static permittivity 
was extracted and an erroneous feature was proven by MEIS, to be caused by 
the variation of actual film composition from what was predicted due to 
deposition parameters. Finally SE, MEIS and TEM were compared as thickness 
measurement techniques and it was observed that they were accurate within
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experimental error. There was a slight variation between TEM and the other 
techniques and this was predicted to be due to SE and MEIS measuring average 
thickness.
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Gadolinium oxide based gate 
dielectrics
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5. Gadolinium oxide based gate dielectrics
5.1. Introduction
In this chapter, opthnisation of the deposition and processing of dielectric stacks 
including gadolinium oxide, Gd203, is attempted.
The first section shows the development of a precision etching process for the 
controlled thinning of ultrathin silicon dioxide layers. These etched interfacial 
layers then are then used to analyse the effect of interfacial layer thickness on 
the GET of a stack containing e-beam evaporated gadolinium oxide after high 
temperature rapid thermal anneal (RTA).
The second section describes the realisation of dielectric stacks which are viable 
for the 45nm technology node, using atomic layer deposition (ALD) produced 
gadolinium oxide layers. The two methods used to produce the gadolinium 
silicate layers involve incorporation of Si dm ing deposition and also as a result 
of high temperature anneals.
5.2. Literature review for gadolinium oxide and silicate
Gadolinium oxide, GdaOg, is a promising replacement gate dielectric which has 
been extensively investigated [1, 2, 3-5]. Gadolinium oxide deposition has been 
demonstrated by MOCVD [4], anodic oxidation [6], thermal oxidation [7, 8], 
MBE [9, 10], e-beam evaporation [11, 12] and ALD [13-15]. The use of Gd203 
dielectric layers has been reported for Si [2, 10] and also possible candidates for 
high mobility substrates including III-V compounds, such as GaN [16] and 
GaAs [17]. The effective dielectric constant of the Gd203 films is in the range 
of 7-23 and is strongly dependent on deposition method and process conditions 
[4]. The reported values for band gap also vary from 5.2 eV [18, 19], 5.3 eV 
[20] and up to 5.9 eV [21]. The conduction and valence band offsets to silicon 
are larger than 2 eV [9, 19]. It has been found that Gd203 decomposes 
according to the equation 2Gd203+3 Si=4Gd+3 Si02 with AG>100 kJ, and is 
expected to be thermodynamically stable on silicon up to 1000°C [22]. Another 
benefit for gadolinium over many of the rare earth oxides is that it is a single 
valence metal ion (+3) and hence forms only a single oxide (Gd203). The oxide 
also does not exhibit any intermediate metastable states whilst reacting with 
oxygen.
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It is also possible to produce epitaxial layers of gadolinium oxide as the lattice 
parameter of Gd203 is l.OSlnm in its bixbyite phase. Silicon has a lattice 
constant asi of 0.545 nm, then 2x(as0 is only 0.4% larger than aGd203- Results 
have been published showing the electrical properties of epitaxial GdaCb thin 
films grown by MBE [9, 23], with EOT< 1 nm and leakage current density 
below 1 mA/cm2. Refening to considerations set out in chapter 1, these figures 
exceed the requirements for low standby power applications which are predicted 
for the 32 nm node. Careful control of the thermodynamic parameters, such as 
oxygen chemical potential results in the interfacial layer change from oxide-like 
to a silicate-like, and thus leads to larger k and lower leakage [9]. The effect of 
rapid thermal annealing processes (RTA) on the structural and electrical 
properties of epitaxial Gd203 layers grown on Si has been discussed in [24]. The 
increase in GET for the layers due to interfacial layer growth has been shown to 
be significantly reduced by capping the high-k stack with amorphous-Si prior to 
RTA.
5.3. E-beam evaporated gadolinium oxide films 
5.3.1 Introduction
The characterisation and analysis of gadolinium oxide films deposited using e- 
beam evaporation is detailed in this section. Furthermore, a process is 
developed to produce higher stability, silicate layers which could be formed 
within a CMOS thermal budget cycle. The idea was to optimise the interfacial 
layer, which would be mostly consumed as mixing with the hi-k layer took 
place during the thermal processing. The optimisation step involved 
discovering the optimum concentration of an aqueous hydrofluoric (HF) acid 
solution for etching thin 4nm Si02 films thermally grown on silicon so as to 
produce ultrathin high quality thermal oxides for use as interfacial layers. 
Having identified the optimum concentration, the time dependence of the 
etching process was established. Finally, gadolinium oxide layers were 
deposited on the samples using e-beam evaporation to study the effect of 
reducing the interfacial layer thickness on the physical and electrical properties 
of the gadolinium silicate film produced via high temperature annealing.
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5.3.2. Experimental details
The etching experiments were carried out on 2x2cm silicon substrates, which 
had received a standard clean (SCI and SC2 with HF dip) and were thermally 
oxidised with either a relatively thick nominally lOOnm or a relatively thin, 
nominally 4nm silicon dioxide layer.
5.3.3. Wet etching lOOnm thick silicon dioxide films
The first task was to conduct HF etching of lOOnm thick Si02 films to find a 
solution with suitable etch rate and etch uniformity. Before and after etching, 
ellipsometry was carried out at a single wavelength of 632nm, at 9 positions on 
the 2x2cm sample squares. The film thicknesses were extracted assuming bulk­
like properties for the silicon dioxide film.
The first etch on Sample 1, involved immersion of the wafer in a 1%HF solution 
for 5 minutes. Results are recorded in table 5.1 and illustrate the effect of 
stirring. It is apparent that 26% more oxide film is removed from Sample 1 
(unstirred) compared to Sample 7 (stirred) with other conditions remaining the 
same. The unstirred film was also much less uniform, with 19% non-uniformity 
compared to less than 1% for stirred films. In all subsequent tests, the solution 
was stirred for lOs/min throughout the immersion.
To find the optimum concentration for etching thin Si02, the lOOnm samples 
were immersed in various concentrations of HF solution for a set time of 5 
minutes. The three chosen concentrations were 0.25, 0.5 and 1%HF and the 
oxide thicknesses can be seen before and after annealing in table 5.1 below.
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Sample
reference
Oxide
thickness
before etch
(nm)
HF
concentration
(%)
HF
immersion
(etching)
time (s)
Conditions Oxide
thickness
after etch
(nm)
Sample 1 99.6±0 1.0 300 Unstirred
once
immersed
57±11
Sample 4 100±0 0.25 300 Stirred 93±0
Sample 6 101±1 0.5 300 before 89±0
Sample 7 100±0 1.0 300 immersion
and 10s
every
minute
77±0
Table 5.1 — Etching procedure details and film measurements for lOOnm thick
silicon dioxide samples
The extracted etch rates are shown in table 5.2 below and are also plotted in 
figure 5.1 as a function of HF concentration. It can be seen that the relationship 
between the etching rate and the HF concentration in the range under study is 
linear with a slope of 6.95x10“n ms‘1%"1. Note that the plot does not go through 
the origin indicating that the true relationship with lower HF concentrations 
studied is likely not to be linear.
HF concentration
(%)
Time (s) Etched material
(nm)
Etch rate
(nm/min)
1% 300 22.5 4.5
0.5% 300 12 2.4
0.25% 300 6.8 1.36
Table 5.2 - Table showing etch rates for lOOnm thick silicon dioxide films for 
various concentrations of HF solution after fixed immersion time
It can be seen from figure 5.1 that an HF solution concentration of 0.15% 
produces an etch rate of Inm/min, which would offer good control for etching 
these ultra-thin films. However the HF available is prepared in a concentration
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of 50% and so to produce a solution of 0.15% would require 3ml of 50%HF in 
997ml of deionised water. As the lowest concentration that could be measured 
accurately with the equipment available was 5ml, then to accurately produce 
0.15% would require two dilutions. This would not be time efficient and also 
prone to error in reproducibility. Therefore 0.25% HF was chosen as it had an 
etch rate of 1.36nm/min and could be produced with a single dilution.
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Figure 5.1 - Graph showing the relationship between etch rate and HF solution 
concentration for lOOnm thick silicon dioxide films
53.4. Wet etching 4nm thick silicon dioxide films
The next task was to explore the etching of relatively thin 4nm silicon dioxide 
films to see if they behaved the same as the lOOnm thick silicon dioxide films. 
For this stage it was decided that there would be three separate studies carried 
out with the eight, 4nm silicon dioxide films and these would be:
a) Three of the samples would be exposed to HF solutions with 
different concentrations for a fixed time to see the relationship 
between HF solution concentration and the etch rate for thin 
silicon dioxide films
b) Three of the samples would be exposed to the chosen 
0.25%HF solution for varying immersion times to see the 
relationship between etching time and etched material for thin 
silicon dioxide films
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c) Three of the samples would be exposed to the chosen 
0.25%HF solution for the same immersion time to check for 
reproducibility.
The ellipsometry was carried out for a wavelength range between 240-1 OOOnm 
for a fixed angle of 75° to obtain accurate thickness values. A J.A. Woollam 
M2000F instrument was used. For each sample, 5 measurements were taken, 
one at the centre of the sample and one at the centre of every edge. The samples 
were modelled as shown in figure 5.2. The first layer INTR JAW, models a 
transition region with a higher silicon content than that of bulk silicon dioxide 
and hence a higher refractive index. The second layer from the substrate, 
SI02 JAW, models bulk silicon dioxide.
Silicon dioxide 3nin
Si-SiO interface 1nm
Silicon substrate Optically thick
Figure 5.2 - Spectroscopic ellipsometry model for a thermal oxide on silicon
When considering the experimental data for the samples before etching, the 
thicknesses for both the INTR JAW and SI02 JAW layers were selected as 
parameters to be fitted. For the samples after etching, the INTR_JAW thickness 
was fixed at the value before etching and the SI02 JAW layer thickness was set 
as a fit parameter alone. The experimental details and the silicon dioxide 
thicknesses before and after HF etching are summarised in table 5.3 below.
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Sample
reference
Oxide
thickness
before 
etch (nm)
HF
concentration
(%)
HF
immersion 
(etching) 
time (s)
Condition
s
Oxide
thickness
after
etch
(nm)
SI 4nm 3.9±0.0 0.25 60 Solution
was
initially
stirred
before 
samples 
immersed 
. Samples 
where
then
stirred
for
lOs/min
2.6±0.0
S3 4nm 4.0±0.0 0.25 120 1.5±0.0
S4 4um 4.0±0.0 0.25 180 0.9±0.0
S5 4nm 4.0±0.3 0.25 120 1.5±0.0
S6 4nm 4.0±0.0 0.25 120 1.5±0.1
S7 4nm 5.0±0.5 0.5 60 2.9±1.2
S8 4nm 4.2±0.3 0.15 60 3.5±0.2
Table 5.3 - Table showing the etch conditions and the initial and after immersion 
thicknesses for 4nm thick silicon dioxide films including uniformity
5.3.5. a. Effect of concentration on etch rate
Results for the effect of HF concentration were extracted from those in table 5.3 
and are compiled in table 5.4 below. The samples were immersed in solutions 
of three different concentrations for the same fixed immersion time.
HF concentration
(%)
Time (s) Etched material
(nm)
Etch rate
(nm/min)
0.15 60 0.66 0.66
0.25 60 1.27 1.27
0.50 60 2.04 2.04
Table 5.4 - Table showing the results for varying HF solution concentration
The results for etch rate were plotted against the concentration of the etching 
solution for an immersion time of 60s and this is shown in figure 5.3 below. 
From figure 5.3, the relationship between etch rate and HF solution 
concentration is non-linear. The experiments were repeated and found to be 
reproducible. The etch rate for 0.25%HF solution is similar to that seen for
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lOOnm silicon dioxide films, however the etch rate for 0.5%HF etching solution 
is much lower than for the lOOnm films as shown in table 5.2.
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
HF Concentration (%)
Figure 5.3 - Graph showing the relationship between the uniform etch rate and the 
concentration of the HF etching solution for an immersion time of 60s
5.3.5.b. Effect of immersion time
The results for immersion time were extracted from thos in table 5.3 and are 
compiled in table 5.5 below. The samples were immersed in the same 
concentration of HF solution for varying immersion times ranging between 1-3 
minutes. The condition of 0.25%HF solution and 120 second etching time was 
repeated two further times to check for the repeatability of the etch, such as the 
consistency of the HF solution dilution and the experimental variables.
HF Time (s) Etched Average etch Estimated etched
concentration material rate (nm/min) material for last
(%) (nm) minute (nm)
0.25 60 1.27 1.27 1.27
0.25 120 2.50 1.25 1.23
0.25 120 2.50 1.25 1.23
0.25 120 2.45 1.23 1.18
0.25 180 3.07 1.03 0.59
Table 5.5 - Table showing the etching results for the samples studying immersion
time alone
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The etch rate data from table 5.6 was first plotted against immersion time to see 
if the etch rate was consistent with increasing etching time and this is shown in 
figure 5.4. It should be noted that etch rate is the average over the time the 
sample is immersed.
1.30-1
1.25-
1.20-
1.15-
1.10-
1.05-
Immersion time (s)
Figure 5.4 - Graph showing the average etch rate of a film with increasing etching 
time for a 4nm film in a 0.25%HF solution
For this reason it is better to view the results in terms of how much material is 
etched as a function of immersion time and this can be viewed in figure 5.5 
below. From figure 5.5 it can be seen that the etch rate may be constant until an 
immersion time of 120 seconds, at which point it starts to decrease, although 
more data points are required to confirm this. To examine the effect further, 
film thickness after etching was plotted against the immersion time and is 
shown in figure 5.6. It can be seen that the etch rate decreases for a film 
thickness of about 1.0-1.5nm. This effect could relate to a region of slower HF 
rate, possibly associated with related to a higher density region, or it could relate 
to a significant percentage of the HF in the solution being consumed.
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Figure 5.5 - Graph showing the total etched material over the sample immersion 
time for a 0.25%HF solution
■ Remaining material
Polynomial Fit of Remaining material
- 1.0
Time (s)
Figure 5.6 - Graph showing the remaining silicon dioxide on the sample as a 
function of the immersion time for a 4nm silicon dioxide layer in 0.25%HF solution
5.3.6. Experimental samples for Gd203 deposition
The motivation for the etching study was to investigate the effect of 
varying the thickness of the interfacial thermal oxide on the physical and 
electrical properties of annealed high-k MOSCAPs with Gd203 high-k 
layers. Therefore a new set of standard cleaned (SCI, SC2 and HF 
dipped) silicon samples were thermally oxidised to produce a 4nm silicon
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dioxide layer. The samples were then etched as described in the table 
below with two samples being prepared of each IL thickness:
Interfacial layer
thickness (nm)
Immersion time in
0.25 %HF (s)
4nm None
3nm 50
2nm 91
Inm 165
Table 5.6 - Immersion time in 0.25%HF to produce required IL thickness from
4um silicon dioxide
The samples were measured before and after etching with the same 
ellipsometry procedure as for the 4nm thermal oxides in section 5.2.4- 
5.2.5 and the results are shown in table 5.7 overleaf.
Sample Thickness HF Immersion Conditions Thickness
name before etch concentration time (s) after etch
(nm) (%) (nm)
S9 4nm/ 3.82 0.25 Unetched Solution Unetched
PN8 #1 was
S10_4nm/ 3.81 0.25 Unetched initially Unetched
PN8_#2 stirred
Sll_4nm/ 3.77 0.25 (1) and was 1.76±0.2
PN8_#3 stirred
S12 4nm/ 3.80 0.25 (1) with 1.98±0.1
PN8_#4 sample 10s
S13_4nm/ 3.82 0.25 50 for every 2.63±0.03
PN8_#5 minute
S14_4nm/ 3.82 0.25 50 during 2.67±0.09
PN8_#6 immersion
S15_4nm/ 3.82 0.25 165 1.04±0.09
PN8_#7
S16_4nm/ 3.82 0.25 165 1.19±0.04
PN8_#8
Table 5.7 - Table showing the results of the etch on the 4nm thermal oxide 
experimental samples showing measured thickness and uniformity
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!The solution for samples 11 and 12 was not mixed before sample immersion and so the 
etch rate was much higher. Samples were immersed for 50 s (expected etch — Inm), 
however solution removed 2nm.
From table 5.7, the etched material and average etch rates were extracted and 
these are shown in table 5.8 below.
HF concentration Time (s) Etched material Etch rate
(%) (nm) (nm/min)
0.25 50 1.19 1.428
0.25 50 1.15 1.380
0.25 165 2.78 1.011
0.25 165 2.63 0.965
Table 5.8 - Table showing the extracted results from the 4nm experimental samples
immersed in 0.25%HF solution
E 4.0-] Etched material experimental samples 
Etched material study samples
a> 0.8-
<5 0.0
Etching time (s)
Figure 5.7 - Plot showing total etched material from a 4nm silicon dioxide film 
immersed in 0.25%HF solution for varying immersion times
The values for etched material with increasing immersion time were added to 
the results in figure 5.5 to improve the estimation of future etch steps and this 
can be viewed in figure 5.7. It can be seen from the plot that the relationship 
between etched material and immersion time is non-linear, suggesting that the 
silicon dioxide layer close to the silicon/silicon dioxide interface may etch at a 
slower rate, possibly due to increasing silicon content. There are also errors 
introduced when fitting both the data values as the experimental samples s9-sl6
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were slightly thinner (0.2nm) as-grown than the sl-s8 samples used for the 
etching study. Thus it might be expected that the initially thicker samples would 
encounter this slower etching region up to 10 seconds later than the thinner 
samples. The remaining thermal oxide for an initially 4nm layer after a given 
immersion time in 0.25% HF solution can be seen in figure 5.8 below
Remaining material experimental samples 
Remaining material study samples
Etching time (s)
Figure 5.8 - Plot showing remaining material from a 4nm silicon dioxide film 
immersed in 0.25%HF for varying immersion times
After etching, a nominal 3nm Gd203 layer was deposited by e-beam 
evaporation. The stack was measured by spectroscopic ellipsometry using a 
fixed angle J.A. Woollam M2000F instrument. The experimental data was 
modelled as shown in figure 5.9. The existing model before deposition was 
used for the Si02 interfacial layer that is, using the model shown in figure 5.2 
and table 5.7 for the interfacial layer thicknesses. The deposited high-k film 
was modelled as a Cauchy layer. The interfacial layer thicknesses were fixed. 
The high-k layer thickness for each of the samples was extracted and these we 
found to be very close to 3nm and uniform in all of the samples, as can be seen 
in table 5.9.
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Cauchy layer 3nm
Silicon dioxide 2nm
Si-SiO interface 1nm
Silicon substrate Optically thick
Figure 5.9 - Ellipsometric model for high-k dielectric on silicon with an interfacial
layer of thermal oxide
Sample reference Gadolinium oxide
thickness (nm)
PN8_#2 3.30±0.03
PN8_#4 3.03±0.06
PN8_#6 3.00±0.06
PN8 #8 3.11±0.03
Table 5.9 - Table of gadolinium oxide layer thicknesses for all the samples
After SE measurement, the samples were split into two groups. The as- 
deposited samples, PN8_#1, 3, 5, 7 were used as controls and the samples 
PN8_#2,4, 6 and 8 were divided in half for post-deposition annealing; half of 
each sample being annealed to 900°C and the other half up to 1000°C both in 
pure nitrogen for Is. A 50 nm titanium nitride gate electrode layer was then 
deposited by sputtering and this was followed by lithography to form circular 
electrodes of diameter 100, 200, 300 and 400pm. The details for all of the 
samples are shown below in table 5.10.
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Deposition
Method
Initial Si02 Thermal Oxide Thermal Oxide Thermal Oxide Thermal Oxide
thickness (3.8 nm) (2.5 nm) (2 nm) (1 nm)
E-beam evaporation
Gd?Oi thickness 3 nm
Gate electrode 
(after RTA) TiN (50 nm)
RTA temperatur e 
(1s/N2) oo
On
Oo o
On
oo
UoOo
On
uooo
UoO
ON
Sample number
(U
OM% s a% aas
as
Tf%
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%
VI4fc
«
NO%
XI
NO %
as
00%
Table 5.10 - Showing the interfacial layer thicknesses and post deposition anneal
details of all the samples
Capacitance-voltage (C-V) measurements were carried out on all of the samples 
at four frequencies between 1 kHz and 100 kHz. The 1 kHz C-V measurements 
for the as-deposited samples with various thickness of interfacial layer are 
shown below in figure 5.10. It can be seen that the thickness of the interfacial 
layer on the as-deposited samples, has a large effect on the capacitance 
equivalent thickness (GET) of the gate stack, reducing the capacitance with 
increasing interfacial layer thickness as expected. The hump that can be seen in 
all of the traces is frequency dependent and is expected to be caused by Pbo 
centres associated with dangling bonds at the silicon surface.
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680- C (1kHz) As-dep 3.8nm IL layer 
C (1kHz) As-dep 2.5nm IL layer 
C (1kHz) As-dep 2nm IL layer 
C (1kHz) As-dep 1nm IL layer
o
-2.8 -1.4 0.0 1.4
Gate voltage (V)
Figure 5.10 - Graph showing the 1 kHz CV measurements for identical as- 
deposited gadolinium oxide stacks with varying interfacial layer thicknesses
The GET of the stacks for all of the samples was calculated using the equation 
below where Cacc is the accumulation capacitance
(5.1)
The calculated GET values are plotted as in figure 5.11. It is clear from figure 
5.11, that reducing the interfacial layer thickness causes reduction of the GET 
for the as-deposited samples. The annealing of thick, lOnm gadolinium oxide 
layers grown on a thick 4nm thermal oxide in nitrogen at 900°C for Is, has 
previously shown a significant reduction in GET as the silicon dioxide layer is 
consumed, partially converting the high-k layer into a gadolinium silicate layer. 
This effect is apparent in figure 5.11 for the sample with the 4nm thermal oxide 
interfacial layer, where the 900°C RTA in N2 for Is, reduces the GET by 39% 
compared to the as-grown sample. However the samples with thinner interfacial 
layers reach a limiting minimum GET value of 2.6nm. Further reduction of the 
interfacial layer does not reduce the GET of the stack after annealing, by 
comparison to the as-deposited state, but instead increases it significantly. This 
is probably due to the presence of residual oxygen in the chamber during the 
RTA which causes the growth of interfacial SiOx. As the interfacial oxide is 
consumed by the high-k layer at this annealing temperature, the SiOx growth
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compensates its loss. For initial interfacial oxides below 2.2nm (from as- 
deposited/PDA 900°C intercept on figure 5.11), the SiOx growth actually causes 
the interfacial layer thickness to increase and hence suppresses the reduction in 
CET achieved by scaling the deliberately grown interfacial layer. This 
explanation is substantiated by the results from experiments at the higher 
annealing temperature of 1000°C. The limiting value of CET is much higher 
than that at the lower 900°C anneal, with a value of ~3.5nm. This is also likely 
to be due to residual oxygen in the annealing chamber but at 1000°C, the 
oxidation of the silicon surface is much more rapid than that at 900°C. The 
reduction in CET after annealing at 1000°C compared to the as-deposited film 
from figure 5.11, is limited to stacks with an initial interfacial thermal oxide 
layer of ~2.7nm. The thicknesses of the gadolinium oxide and silicate layers 
were extracted using HRTEM at the University of Liverpool and these values 
were used to calculate the k-values for the gadolinium silicate films. It was 
found that the as-deposited film had a k-value of ~14, which was improved 
during annealing to give increased k-values of between 15-17. The k-values 
measured after annealing correspond well to published figures which were 
reported by Gupta et al [36] who reported that the relative permittivity of 
gadolinium silicate to be ~15.8.
—a— CET (As-deposited) 
CET (PDA 900C) 
-♦ CET (PDA 1000C)
Initial interfacial oxide thickness (nm)
Figure 5.11 - Graph showing the CET versus the initial interfacial oxide thickness 
for different annealing temperatures
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The current-voltage characteristics for all samples were measured. Current 
density at an effective bias of -1.5V was then extracted. The effective bias 
voltage accounts for the flat-band voltage of the stack. The current densities for 
the as-deposited samples are shown in figure 5.12 below, as a function of the 
initial interfacial silicon dioxide thickness. It can be seen that for every 
nanometre reduction in the interfacial layer thickness then the leakage current 
density increases by over an order of magnitude. After annealing for Is in a 
nitrogen environment at 900°C, it can be seen in figure 5.11, that the CET of the 
stack does not change with the thinning of the initial interfacial layer below a 
value of 2.2nm. However, the leakage current density increases beyond this 
value. Recalling that the explanation for the limiting CET value was the 
occurrence of interfacial layer growth, then the increase in leakage current 
density could also be related to the interfacial layer. It is possible that the layer 
is defective due to its growth under the gadolinium oxide film with limited 
quantities of oxygen available in the annealing ambient. A similar trend is seen 
in the gadolinium oxide stacks that were annealed at the higher temperature of 
1000°C in a nitrogen environment for 1 s and the increase of leakage current 
density versus initial interfacial layer thickness can be seen for these samples in 
figure 5.14.
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Figure 5.12 - Graph showing the leakage current density plotted versus the initial
silicon dioxide IL thickness
0.1
0.01
1E-3CM
t
o 1E-4
<?
1E-5
</)c 1E-6
0)
1E-7
<D
1— 1E-83
o 1E-9
1E-10
124
1E-3,
E 1E-5 o
1E-6-J
m
S 1E-8
E.
O 1E-9-J
1E-10 1------- 1------- 1------- - ------ 1------- ■------- 1
2 3 4
Initial IL thickness (nm)
Figure 5.13 - Graph showing the leakage current density after annealing in N2 for 
Is at 900°C plotted versus the initial interfacial layer thickness
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Figure 5.14 - Graph showing the leakage current density for the gadolinium oxide 
samples after annealing for Is in N2 at 1000°C plotted versus the initial silicon
dioxide IL thickness
All of the leakage current density values measured on the samples both as- 
deposited and annealed are plotted versus the extracted GET in figure 5.15 
below. As the GET values for the annealed samples did not change significantly 
after the 900°C and the 1000°C RTA processes, then the leakage current 
densities for these sample sets are seen grouped on the plot. This graph allows
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comparison of the leakage current densities after annealing, to those of the as- 
deposited stacks on equal terms by plotting the leakage against the CET for the 
stack. It can be seen that the lowest leakage comes from the annealed samples; 
even lower than the as-deposited sample with 4nm interfacial thermal oxide. 
However these samples do not display such low CET values as those as- 
deposited with the thinner interfacial oxides, which show considerably worse 
leakage. From these results, it can be concluded that to produce a gadolinium 
oxide stack with low CET but also low leakage, then the interfacial layer re­
growth, which limits the CET during annealing, has to be reduced.
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Figure 5.15 - Graph showing the leakage current density for the gadolinium oxide 
samples deposited on etched thermal Si021L before and after annealing at 900°C 
and 1000°C in N2 for Is plotted versus the CET for the samples.
5.3.7. Reduction of interfacial layer re-growth
A second set of samples was produced using the same etch and growth 
processes as described earlier in this chapter. The samples were etched to 
produce either a nominally Inm or 3nm thermal oxide and then once again a 
3nm gadolinium oxide was deposited using e-beam evaporation. In an attempt 
to reduce the interfacial oxide re-growth during the RTA step, the vacuum valve 
on the rapid thermal processor was left open so that the chamber was at a much 
lower pressure than the usual 0.5-1 bar. All of the samples were exposed to a 
900°C rapid thermal anneal in nitrogen ambient with the vacuum valve open, for 
one second (RTA2). One of each of the thicknesses was processed prior to the
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RTA by annealing in a forming gas ambient at the relatively low temperature of 
400°C for 30 minutes (RTA2+PDA) to passivate the silicon-silicon dioxide 
interface for good electrical performance. MOS capacitors where then formed 
by reactive sputtering of TiN from a titanium target followed by lithography to 
form gate electrodes. The gadolinium oxide samples analysed in section 5.3.6 
had been exposed to a rapid thermal anneal at 900°C in a nitrogen environment 
for Is but with the vacuum valve closed. They were analysed using TEM and 
EOT values were extracted and plotted in figure 5.16 labelled as RTA1 for 
comparison to the RTA2 and RTA2+PDA samples.
RTA 1
□ RTA 2
■ PDA + RTA 2
initial Si02 thickness [nm]
Figure 5.16 - Graph showing effect of varying the initial thermal oxide IL thickness 
and annealing procedure on the EOT for a stack containing a 3nm Gd203 layer
It can be seen in figure 5.16 that the revised RTA process with the vacuum 
valve open (RTA2) produces a film with a much lower EOT after annealing 
than with the vacuum valve closed (RTA1). Leaving the vacuum valve open 
during the RTA process must therefore minimise the effect of residual oxygen 
in the annealing chamber. The exact reason for this is unknown but could 
possibly be due to the nitrogen gas flow purging residual oxygen through the 
open vacuum valve. The samples which had been exposed to low temperature 
post-deposition anneals prior to the RTA process (PDA+RTA2) can also be seen 
to have a slightly lower EOT value than the samples that had not undergone this 
low temperature anneal. This is believed to be due to densification of the high-k 
layer during the low temperature anneal which slightly improves the GET after 
the RTA process.
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Figure 5.17 - Graph showing extracted current density values at an effective bias 
voltage of-1.5V plotted versus the GET of the stack for the samples exposed to 
different annealing processes. Dotted lines indicate requirements for specific 1TRS
technology nodes.
Current-voltage measurements were taken for all of the samples on multiple 
capacitors. The current densities at an effective bias voltage of -1.5V were 
plotted versus the CET of the stack and are shown in figure 5.17. For RTA1 
combined with the PDA process, there is a limit to the CET of 1.8nm and these 
layers had leakage currents in the range 10^-1 O'3 A/cm2. Much lower leakage 
current densities of less than 1 O'7A/cm2 are seen for the samples annealed in the 
RTA2 only process for similar CET values. This allows the CET to be reduced 
further to trade leakage current for an effectively thinner dielectric film. The 
best leakage current density compared to CET was measured on a sample 
exposed to both the RTA2 and the PDA treatments where a leakage current 
density of 0.02A/cm was achieved for a CET of 1.3nm. The target for the 
Academic Cluster work package 2.3 in the European project PULLNANO was 
to produce a dielectric stack with a leakage current density of 0.01 A/cm2 for a 
CET of less than 1.5nm and it can be seen from figure 5.17 that this was 
achieved using a gadolinium oxide stack with these annealing processes.
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5.4. Gadolinium based samples deposited using atomic layer deposition 
5.4.1. Gadolinium silicate by atomic layer deposition
Gadolinium oxide (Gd203) films were deposited on n-type Si(100) wafers by 
atomic layer deposition (ALD), from Gd[N(SiMe3)2)]3 precursor and H20. 
Carbon contamination during the deposition was assessed by Auger electron 
spectroscopy (AES) and found to be negligible. The wafer temperature was 
varied between 175-275°C, the number of cycles was between 75 and 300 and 
in all cases the precursor was heated to 175°C. The details of the samples are 
shown in the table 5.11.
Spectroscopic ellipsometry (SE) measurements were performed using a 
M2000UI VASE™ variable angle spectroscopic ellipsometer over a spectral 
range for multiple angles of incidence (65o-80°, 5° steps). The model used in 
the analysis of the experimental SE data is shown in figure 5.18 and consisted 
of a silicon substrate with a fixed Inm Si02 layer to account for the native oxide 
interfacial layer on the samples and a Cauchy layer, with an Urbach tail to 
model the deposited gadolinium oxide layer.
Cauchy Layer High-k film
Si02 IL
Silicon Substrate
Figure 5.18 - Model used to represent the ALD gadolinium oxide samples in the
WVASE32 software
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Sample Temp (°C) Number
ofALD
cycles
Thickness (nm)
(by weight gain)
Thickness (nm) 
(by ellipsometry)
A046 200 300 16 24.69
A047 200 300 11 19.14
A048 200 100 4 7.37
A049 200 100 3 4.255
A050 225 100 0 1.52
A051 225 100 2 4.42
A052 175 100 4 4.955
A053 175 100 10 17.65
A054 200 75 1 3.72
A055 200 75 3 3.57
A056 225 100 0 4.75
A057 225 100 2 4.62
A058 200 100 4 5.45
A059 200 100 5 5.20
A060 250 100 2 4.01
A061 250 100 3 4.12
A062 275 100 0 3.65
A063 275 100 0 3.67
Table 5.11- Table showing the simplified deposition parameters of the gadolinium 
oxide films including the film thickness extracted using spectroscopic ellipsometry
The thickness of the Cauchy layer was determined by limiting the analysed 
wavelength range to the transparent region in the near infra-red and fitting the 
thickness along with the first Cauchy parameter, as described in section 2.10. 
The extracted thicknesses are shown in table 5.11 above. The optical constants 
were then extracted by fixing the Cauchy layer thickness and fitting the
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remaining Cauchy parameters. Finally the Urbach tail function was included in 
the fit to account for absorptions close to and including the band edge.
MEIS energy spectra
175 c
------ 200 c
225 C
------250 C
Energy (keV)
Figure 5.19 - MEIS energy spectra from along the 11111 direction for samples 
grown at 175,200, 225 and 250°C.
Medium energy ion scattering (MEIS) experiments [26] were carried out at the 
CCLRC Daresbury facility, using a nominally 200 keV Hef ion beam and an ion 
dose corresponding to a charge of 10 pC. The samples were aligned to the ion 
beam along the [TTi] channelling direction and the electrostatic energy analyser 
was positioned to simultaneously record data from along the [111] and [332] 
blocking directions. These give scattering angles of 70.5° and 60.5° respectively 
and result in sub-nanometre depth resolution.
The MEIS spectra were used to produce compositional depth profiles. These 
must be considered as estimated profiles as it is assumed that the film layers 
have ideal density which for non-crystalline and non ideal samples is rarely the 
case; an ideal density for Gd203 of 7.07 g/cm3 [27] was assumed. Energy scales 
have been converted to depth scales using established energy dependent 
inelastic stopping power values obtained from the SIMNRA program [28]. The 
results from MEIS showed a general trend for the growth of marginally thinner 
films for higher growth temperatures, which is confirmed from the 
measurements using spectroscopic ellipsometry.
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Figure 5.20 - Plots showing the depth profiles of the gadolinium oxide films 
extracted from the MEIS data for different wafer deposition temperatures
A shoulder on the high energy edge of the Si peak in the MEIS data indicated 
the presence of Si within the gadolinium oxide film as is expected when using 
this precursor. In fact, the Si is introduced deliberately to improve the thermal 
stability of the film. The silicon content was extracted using the technique 
outlined in chapter 3.3. The extracted silicon content was then plotted versus 
the deposition temperature and this is shown in figure 5.21 below. It can be 
seen that the relationship is not linear with the silicon content but increases 
steadily with increasing wafer deposition temperature.
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Wafer Deposition temperature (°C)
Figure 5.21 - Graph showing silicon content extracted from IME1S data plotted 
against deposition temperature for a fixed number of ALD cycles (100 cycles)
The thickness measured using spectroscopic ellipsometry was plotted versus the 
number of ALD cycles at the fixed deposition temperature of 200°C. A good 
linear dependence was obtained between the number of cycles and the thickness 
of the films, although the process conditions were seen to require further 
optimisation as it can be seen in figure 5.22 that a range of thickness values 
were obtained for samples deposited with the same number of ALD cycles.
Number of ALD cycles
Figure 5.22 - Film thickness plotted against number of deposition cycles at 200°C.
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The extracted values of the real part of permittivity were plotted versus the 
incident photon energy and these are shown in figure 5.23 below for the samples 
deposited with 100 ALD cycles. The highest values of E\ for these samples 
(2.7-3.27 over the spectral region analyzed) were obtained for the samples 
produced at 175°C.
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Figure 5.23 - Plot showing the extracted real permittivity functions for the 100 
cycle films plotted against incident photon energy
The extracted value for the real part of permittivity at the longest wavelength 
was then taken for each of the samples, to assess the relationship between the 
deposition parameters and the density. Using the electronic polarizability value 
taken from Medenbach et al [29], which is 8.976A3 for Gd203, the density of the 
Gd203 films was calculated using the method described in chapter 4.5.1. The 
density was plotted versus both the deposition temperature and the number of 
ALD cycles and these can be seen in figures 5.24 and 5.25 respectively. The 
density of the Gd203 film is seen in figure 5.24 to decrease as wafer deposition 
temperature is increased. The decrease in film density is proposed to be due to a 
combination of two effects both related to an increased silicon uptake in the 
gadolinium oxide film with increasing deposition temperature. The first effect 
is a change of physical density which is caused by the variations in maximum 
packing density due to a change in the composition of the film. The second 
effect is due to a change in the average polarizability of the high-k films. This is
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because the average polarizability of a material is highly dependent on the 
structural units and these will change with composition of a given film.
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Figure 5.24- Plot showing the density of the ALD deposited films versus the wafer 
deposition temperature (100 ALD cycles)
Figure 5.25 shows that increasing the number of ALD cycles produces films of 
greater density. This is to be expected because increasing the number of 
deposition cycles will produce a thicker film with closer physical properties to 
those of bulk material. It is also noticeable that the maximum density of the 
gadolinium oxide film, taken from sample exposed to 300 ALD cycles, is about 
13% lower than bulk gadolinium oxide and this could be due a combination of 
three reasons. The first is that the samples deposited at 200°C should be 
amorphous and so the packing density will be noticeably lower than for bulk 
(crystalline) gadolinium oxide. The second is that at a wafer deposition 
temperature of 200°C, a significant level of silicon has been introduced into the 
film from the precursor and it is very likely that this would have lowered the 
packing density and hence the physical density of the gadolinium oxide film. 
The final reason for the relatively low extracted density value is related to the 
second in that the silicon introduced will alter the polarizability, creating an 
erroneous shift in extracted density. It becomes apparent from the study, that 
there is a need to better understand the chemistry of gadolinium oxide films
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containing significant levels of silicon so as to allow better modelling of the 
structural units and in turn, obtain more accurate values of polarizability.
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Figure 5.25 - Plot showing the density of the ALD deposited gadolinium oxide films 
versus the number of ALD cycles the sample is exposed to for a fixed wafer 
deposition temperature (200°C)
For samples deposited at 200°C, the band gap was extracted by from a Tauc 
plot; the values obtained are -4.96 eV for 100 cycles and ~4.23 eV for 300 
cycles, as shown in figure 5.26. It can be seen that increasing the number of 
ALD cycles results in a reduction of the effective band-gap, presumably because 
the defects at the band edge now extend further into the gap of the gadolinium 
oxide. The same procedure was carried out for the MBE Gd203 layers grown at 
500°C and the results are included on figure 5.26. The ALD gadolinium oxide 
with only 100 ALD cycles is seen to have a similar effective band-gap to that of 
the MBE samples; however this is much lower than results reported elsewhere, 
of 6.4eV [30] and 5.3eV [20]. This disparity could be related to a defect related 
peak occurring close to the band edge of these gadolinium oxide films and that 
the actual band edge is higher in energy than that measured. A considerable 
absorption peak at 3eV in the measured data for the MBE deposited sample is 
evident on figure 5.26 and this could be due to a large defect in the band-gap of 
this film. The existence of this defect for the MBE gadolinium oxide films but 
not for the ALD gadolinium oxide films suggests that the ALD process is a 
better choice for the deposition of gadolinium oxide.
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Figure 5.26 - Tauc plot showing (ahvn)l/2 versus photon energy for ALD Gd203 
films with varying number of deposition cycles at 200°C and for an MBE sample
grown at 500°C
The result of increasing the deposition temperature whilst keeping the number 
of cycles constant at 100 can be seen in figure 5.27. The absorption in the films 
is seen to increase, starting with the near band edge region at ~4eV. An abrupt 
change in absorption for samples which had different deposition or annealing 
conditions usually indicates a change in structure, stoichiometry or composition 
of the film. It is highly likely that the change is due to a change in structure as 
there is published evidence that a polycrystalline structure can be induced in 
some samples for temperatures > 250°C [31]. However, this precursor is known 
to introduce silicon into the gadolinium oxide layer and this would change the 
chemical composition of the film and possibly the structure, resulting in a 
change to the absorption spectra for the film. However the silicon 
concentrations shown in figure 5.21 do not exhibit an abrupt change between 
225°C and 250°C, rather there is a gradual change. It could be assumed that 
such a change would produce a gradual change in absorption spectra with 
increasing temperature and not the sudden change seen at about 250°C. A 
structural change to the gadolinium oxide films could also explain the increase 
in the extracted density of the films for a deposition temperature of above 250°C 
in figure 5.24 earlier. This is because any formation of crystalline regions 
would result in an effective density closer to that of bulk gadolinium oxide
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material. Therefore, an increase in density caused by the possible formation of 
nano-crystals could produce a higher density value than the decrease caused by 
the extra silicon incorporated into the layer.
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Figure 5.27 - Plot showing absorption coefficient versus photon energy for varying 
deposition temperature for a fixed number of deposition cycles (100 cycles)
5.4.2. Gadolinium silicate produced by high temperature annealing
Gadolinium oxide samples were deposited on n-type (100) wafers by liquid
injection atomic layer deposition (LI-ALD), using a modified Aixtron 200FE 
AVD reactor. The precursor used here was GdfMeCp]} in toluene solution, with 
H2O as the oxidant, different to that used to deposit the previous gadolinium 
oxide films. The reason for the choice of precursor is to avoid introduction of 
silicon into the gadolinium oxide during deposition so that the effects of high 
temperature annealing on a pure gadolinium oxide film can be studied. It was 
known from diffusion experiments on e-beam deposited gadolinium oxide 
described earlier in this chapter, that high temperature annealing causes 
diffusion of silicon into the high-k film, improving both the GET and leakage. 
Therefore as e-beam methods are not compatible with the CMOS process, it was 
decided to see if the ALD process could produce similar results. The growth 
temperature for the samples was kept fixed at 250°C and film thickness was 
varied between 3 and 25nm by altering the number of ALD cycles. The 
gadolinium oxide layers were grown on 1.5nm native silicon dioxide; no
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deliberate oxidation was employed. Some samples received an RTA in a 
nitrogen environment at temperatures between 800°C and 1050°C for Is. The 
remaining samples were annealed at 900°C in nitrogen for time durations of 
between 1 and 100 s. Nitrogen was used to provide an inert atmosphere so as to 
avoid interfacial layer growth at the high temperatures. It is also typically one 
of the gases used by device manufacturers during high temperature drain 
activation annealing.
Medium energy ion scattering (MEIS) was carried out at the STFC Daresbury 
Laboratoiy facility using the same measurement and analysis technique as for 
the deposited silicate gadolinium oxide samples analysed earlier in this chapter. 
MEIS depth profiles for Gd, Si and O are given in figure 5.28 for a 5.5 nm thick 
sample for the as-deposited condition (a), and following RTA for Is at 850 °C 
(b), 950 °C (c), and 1050 °C (d) in a nitrogen ambient. The MEIS data for the 
as-deposited sample reveal a thickness of 5.5 nm for the Gd203 layer on top of 
the native Si02 layer. When energy straggling and system resolution are taken 
into account, no Si is seen to be contained within the as-deposited gadolinium 
oxide layer as expected using this precursor and such low deposition 
temperatures. However silicon migration into the gadolinium oxide layer can be 
seen for the samples exposed to rapid thermal annealing above 850°C. 
Annealing at 850 °C for Is can be seen to introduce only a small amount of Si 
into the layer towards the high-k and silicon interface. After annealing for Is at 
950 °C in nitrogen, the Si content in the layer is raised further but it can be seen 
that the silicon atoms have not reached the gadolinimn oxide films surface yet 
and so a complete silicate layer has not yet been formed. Following 1050 °C 
annealing for Is in a nitrogen environment it can be seen that the silicon has 
been diffused throughout the layer and that it has formed a complete silicate 
layer; Gd2_xSix03_g, with a composition of x=T,
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Figure 5.28 - MEIS depth profiles for ALD GdzOj films deposited on native oxide 
which have undergone RTA in nitrogen for Is at different annealing temperatures
The reduced height of the Gd peak and greater width at 1050 °C, suggests that 
the original Gd203 and the original Si02 layer are completely intermixed. If the 
amount of Si in the original Si02 layer is considered then it is clear from the 
high Si content in the high-k layer that that some of the Si in the gadolinium 
silicate layer had originated from the substrate. The samples annealed at 900 °C 
for increasing duration has shown a similar result where annealing for time 
periods up to 100s in a nitrogen ambient produced a fully silicated high-k layer. 
The Si content of the layers annealed for Is at different annealing temperatures 
in a nitrogen environment, was extracted using the same technique used in the 
previous ALD gadolinium oxide layers and is plotted in figure 5.29. Figure 
5.30 shows that the silicon uptake follows an Arrhenius relationship and so the 
uptake of silicon is seen to be a thermally driven process. Comparison was 
made with TEM micrographs shown later in figure 5.32 and it was concluded
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that some of the silicon dioxide interfacial layer may have been consumed.
11.80
1.2x10
- 1.78
- 1.761.0x10
b 8.0x10 - 1.72
to 4.0x10
2.0x10 o Si uptake 
— Exp fit
Temperature (C)
Ecooh-
X
<D
■oc
0)>
o2
Figure 5.29 - Plot showing the average amount of silicon diffused into the films 
with annealing temperature. The change in refractive index for the samples at a 
wavelength of 1700nm is also given
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Figure 5.30 - Arrhenius plot of the average silicon uptake demonstrating that 
silicon diffusion is a thermally driven process
Ellipsometry data for all of the as-deposited and annealed gadolinium oxide 
films were measured using a J. A. Woollam M2000UI spectroscopic 
ellipsometer over a spectral range of 240-1700nm and for the incident angle
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range of 65-80° in 5° steps. A sample of the silicon wafers was also measured 
before gadolinium oxide deposition to assess the thickness of the native oxide 
layer. For simplicity, this interfacial region was modelled in the WVASE32 
software as an ideal silicon dioxide layer using a refractive index value from the 
database because the independent extraction of optical constants introduces 
significant difficulties for such thin films. The thickness was extracted by 
fitting over the whole measured spectral range. The thicknesses for native 
oxides were seen to be between 1.6-1.8nm. All gadolinium oxide films were 
modelled using the WVASE software comprising of:
a) silicon substrate,
b) fixed 1,6nm ideal silicon dioxide interfacial layer and
c) a Cauchy layer with an Urbach absorption tail to model the high-k layer.
The procedure was to fit the experimental data for thickness using the first 
Cauchy parameter within the transparent region (~600-1700nm) and then on 
subsequent fits, attempts at including either one or both the other Cauchy 
parameters was undertaken to see if this improved the model fit. The 
wavelength range was then expanded to the whole measured range and the 
model was fit to the experimental data including the Urbach tail to model near 
band edge absorptions. The optical constants at the longest measured 
wavelength were taken from the model and can be seen in figure 5.29.
There are two possible explanations for the increase in refractive index with 
annealing temperature. The first relates to crystallisation of the amorphous high- 
k layer. Increasing crystallisation of the high-k layer would produce a 
commensurate increase in refractive index. It can be seen from the XRD 
measurements in figure 5.31 that the level of ciystallinity increases with 
annealing temperature even in the sample with the lowest annealing 
temperature. However the film is seen to reduce in crystallinity at annealing 
temperatures of above 1000°C and the refractive index value does not decrease 
until beyond 1000°C. It can also be seen that the refractive index does not 
decrease back to the value of the amorphous, as-deposited samples after 
annealing at 1050°C. However, the high temperature RTA could have removed 
porosity within the layer and so could be much denser than the as-deposited
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layers, which would result in a higher refractive index. Another possibility is 
that the silicon diffused into the film serves to increase the refractive index over 
the measured spectral range. This at first seems unlikely as silicon inclusion in 
hafnium silicate films results in a decrease of the k-value of the film. However, 
the major influence on the k-value of films such as gadolinium oxide and 
hafnium oxide comes from lattice contributions which occur at a much longer 
wavelength. Therefore it is possible that a gadolinium silicate film could have a 
relatively high relative permittivity in this measured spectral range but have a 
lower static dielectric constant overall due to lower lattice contributions.
X-ray diffraction (XRD) was used on some of the thicker films (~25nm) to 
study the changes in crystallinity in the high-k layer during the high temperature 
annealing, and the results are shown in figure 5.31. The as-deposited sample 
contains no dififaction features in the XRD results indicating that the film is 
amorphous in the as-deposited state, at least within the resolution of XRD. 
After an RTA at 800 °C for 1 s in nitrogen ambient, the XRD spectrum contains 
a diffraction peak centred at 28.6°. This diffraction angle has been reported to 
be caused by the formation of cubic Gd203 [35]. Increasing the annealing 
temperature to 850 °C and then 900 °C produces successively larger diffraction 
peaks, indicative of an increase in the level of crystallinity in the films. Above 
an annealing temperature of 950 °C, the trend can be seen to be reversed, with 
the diffraction peaks starting to reduce in magnitude with increasing annealing 
temperature. At the highest annealing temperature of 1050°C in this study, 
XRD shows very few diffraction features suggesting that the film is mostly 
amorphous. A shift in the peak position towards a slightly higher angle occurs 
with increasing temperature, and is consistent with the incorporation of 
additional silicon.
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Figure 5.31 - X-ray diffraction (XRD) films of a gadolinium oxide film as deposited 
and annealed at temperatures between 800 and 1050C in nitrogen for Is
When the MEIS and XRD results are compared, it becomes apparent that there 
are two competing mechanisms occurring during high temperature annealing. 
The first is the crystallization of the Gd203 layer into the cubic phase. The 
crystallization is temperature dependent as described before, with the level of 
crystallinity increasing with increasing temperature. Crystallization is the 
dominant mechanism at temperatures up to 900 °C. The second mechanism is 
the diffusion of Si into the high-k layer. This diffusion or silication, occurs at all 
temperatures studied, but is masked at low temperatures by the dominant 
crystallisation effects. As the annealing temperatures are increased however, a 
larger concentration of silicon is driven into the high-k layer and also this silicon 
is diffused further into the layer until it reaches the top interface. This is 
observed as a large reduction in the crystallinity of the high-k layer in XRD as 
the diffused silicon in the film converts the gadolinium oxide into an amorphous
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silicate. Hence it is proposed that silicate formation is the dominant mechanism 
occurring during annealing at temperatures above 900 °C.
TEM images are displayed in figure 5.32 for a) a 5 nm thick as deposited film, 
and films annealed in a nitrogen ambient at b) 900 °C for Is and c) 1000 °C for 
Is. The as-deposited film can be seen to be essentially amorphous, although 
nano-crystallites have been observed in some TEM images. In the TEM 
micrograph of the film annealed at 900 °C (b), two distinct regions can be seen. 
The region, closest to the top surface of the high-k film, is composed of 
crystallites with an average width of approximately 7 nm. The narrow region 
next to the interfacial layer which contains the diffused silicon shows no long- 
range order and is amorphous. In the TEM image for the sample annealed at 
1000 °C (c), it can be seen that the crystallites within the film annealed at 900°C 
have been removed, converting the high-k film to an amorphous layer. This 
again confirms that the incorporation of silicon into the film inhibits the 
formation of nano-crystallites. Grain boundaries are well known to be a source 
of leakage current pathways [32]. Therefore it would be expected that the 
amorphous film produced by the 1000 °C anneal should display better leakage 
current characteristics compared with the 900 °C sample, due to the removal of 
the crystalline regions and hence leakage current pathways at grain boundaries.
The reason why some crystallinity is observed in the sample annealed at 1000°C 
analysed by XRD which cannot be seen in the sample annealed at 1000°C 
analysed by TEM, can be explained by the films being different in thickness. 
The gadolinium oxide film analysed by TEM is approximately 5nm thick as- 
deposited and the film analysed by XRD is approximately 25nm thick as- 
deposited. A higher temperature anneal would be required to diffuse the silicon 
throughout the whole of the thicker XRD film in the same time as the 5nm TEM 
sample; or inversely, for the same annealing temperature, it would require a 
longer exposure time. This means that while silicon has reached the surface of 
the 5nm film analysed by TEM in the Is exposure to 1000°C, it has not yet 
reached the surface of the thicker, XRD analysed sample. Hence the TEM 
sample is expected to be fully converted to an amorphous layer whereas the 
XRD analysed sample would still exhibit crystallites in the gadolinium oxide 
film above the silicate region.
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The ‘growth’ rate of the silicate layer through the pure gadolinium oxide layer 
was investigated from the TEM images of thicker gadolinium oxide films which 
were exposed to various temperatures for Is in nitrogen. The relationship 
between the thickness of the silicate layer and annealing temperature can be 
seen in figure 5.33.
146
1000 1050 1100
Anneal temperature (°C)
Figure 5.33 - Graph showing the diffusion rate of silicon when a gadolinium oxide 
is annealed at various temperatures in a nitrogen environment, for Is
Contacts with an area of 4.5x10^ cm2 were formed by evaporating gold onto the 
samples through a shadow mask to form metal oxide semiconductor capacitor 
(MOSCAP) structures. Aluminium was deposited onto the cleaned, back side of 
the silicon substrate to form an ohmic contact. Capacitance-voltage 
measurements were carried out on all of the samples for a range of frequencies 
between 1 kHz and 1 MHz. A C-V characteristic measured at 1kHz for a 
sample with an initial 5.1nm gadolinium oxide layer deposited on a native 
silicon dioxide (from TEM) is shown in figure 5.34 for the as-deposited state 
and after annealing in nitrogen for Is at either 900 or 1000°C. It can be seen in 
the C-V characteristic that there is a feature between 0-0.5V for the annealed 
samples which is not present for the as-deposited sample. This feature was 
frequency dependent and is likely to be caused by interface states; that is, the 
well-known Pbo centre related to dangling bonds at the silicon interface. It has 
been reported that interfaces of hi-k stacks incorporating an interfacial layer, 
show similar properties to those of pure Si02 [33]. As the feature is not present 
in the as-deposited sample, it shows that the native oxide provides a terminating 
surface for the silicon film; however modifications in this interfacial layer as a 
result of the annealing procedure degrade the terminating effect of the interfacial 
layer. If the effect is due to dangling bonds then a standard forming gas anneal 
should suppress it as has been seen in e-beam deposited gadolinium silicate 
layers [33]. There is also a positive flat-band shift on all of the samples which 
reduces significantly with annealing compared to the as-deposited sample. The 
GET values for the stack were calculated from the accumulation capacitance at 1 
kHz and were 2.6 nm, 2.6 nm and 2.3 nm for the as-deposited and 900°C and
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1000°C annealed samples respectively. For the 1000°C annealed sample the 
dielectric constant was extracted by assuming a two-layer model for the gate 
stack consisting of an interfacial layer of 1.6 nm obtained from TEM, with a 
dielectric constant of 3.9 assumed. This analysis yielded a k-value of 16 for the 
4.6 nm silicate film.
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Figure 5.34 - Capacitance voltage measurement for a initially 5.1 nm gadolinium 
oxide layer deposited on native oxide using ALD in the as-deposited state and after 
annealing in nitrogen for Is at 900°C or 1000°C
Current-voltage (IV) measurements were performed on all of the samples and
the IV measurements for the 5.1nm gadolinium oxide sample on native oxide
are shown below in figure 5.35. The as-deposited layer appears to have the
lowest leakage on the IV plot; however the large positive voltage (-0.5V) shift
has to be taken into account. Comparing leakages around a bias voltage of 1.5V
with the flat-band voltage value included, then the leakage for the sample
annealed at 900C is still over an order of magnitude larger than the as-deposited
sample, confirming that the anneal causes crystallisation of the gadolinium
oxide layer introducing grain boundaries into the film which can act as
conduction paths. The leakage after the 1000°C anneal is reduced significantly,
by approximately an order of magnitude, compared to the 900°C annealed
sample. Presumably the higher temperature anneal has converted the gadolinium
oxide layer back to an amorphous layer as seen in the XRD and TEM results
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and hence has removed the crystal grains which were acting as the conduction 
paths through the film.
Figure 5.35 — J-V plot for an initial 5.1 nm ALD Gd203 deposited on native oxide 
for the as-grown condition and after RTA in N2 for Is at 900°C and 1000°C
In figure 5.36 below, all of the extracted GET results from the ALD deposited 
films have been plotted versus the annealing temperature. The samples had 
been exposed to nitrogen for Is. The samples labelled ALDN I are those 
deposited using the precursors Gd[MeCp]3 and H20 onto native oxide which 
have been analysed by physical methods in this section. It can be seen that 
annealing up to 900°C in nitrogen for one second significantly reduces the GET 
of the stack by causing densification of the high-k layer and consumption of a 
significant amount of the interfacial layer by the gadolinium oxide film during 
silicate formation. However, increasing the annealing temperature above 900°C 
does not produce any noticeable further reduction in GET. The initial 5.1nm 
gadolinium oxide sample analysed from the C-V plot of figure 5.36 is shown 
labelled as ALDN II. The reason why the GET after the same rapid thermal 
anneal is lower than that for the samples labelled ALDN I is that that this 
sample had a thinner gadolinium oxide layer, as-deposited; ALDN I samples 
were ~7nm. The samples labelled as ALDT I and ALDT II comprised ~6-10nm 
ALD gadolinium oxide films deposited on approximately 4nm and 2.5nm 
thermal oxides using the same precursor. With these samples, there was 
considerable consumption of the interfacial layer after annealing at 900°C in
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nitrogen for Is with the initial 4nm thermal oxide samples producing a stack 
with CET; similar to that of the gadolinium oxide films deposited on 1.6nm 
native oxide. After annealing in nitrogen for Is at 1000°C, the CET slightly 
increases which is likely to be caused by interfacial oxide re-growth as seen 
earlier in this section. The samples with the 2.5nm thermal oxide IL, ALDT II, 
had a slightly lower CET than that of the ALD I samples and this is likely to be 
due to less of the interfacial layer remaining after the anneal.
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Figure 5.36 - Graph showing effect of RTA temperature on the CET of stacks 
containing ALD Gd203 films of different thickness deposited on thermal oxide 
(ALDT) or native oxide (ALDN)
5.5. Conclusions
Gadolinium silicate films can be produced either by incorporating silicon into a 
gadolinium oxide layer during deposition or by driving silicon into the layer 
using a high temperature RTA process, after deposition. It was observed in this 
chapter that for thicker interfacial layers, the CET of the gadolinium oxide stack 
reduced after RTA. However it was seen that there was a critical interfacial 
layer thickness where further thinning did not reduce CET and it was proposed 
that this was caused by residual oxygen within the chamber during RTA causing 
interfacial layer regrowth. The problem was solved by performing the RTA on 
a second set of samples with the vacuum valve left open. Using this process it 
was proven that the gadolinium silicate stacks produced from a e-beam 
evaporated gadolinium oxide could meet the ITRS requirements for the low
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standby power 45mn node which was an objective within European project 
PULLNANO.
As ALD is seen as more industrially viable than e-beam evaporation, then 
attempts were made to use stacks deposited using this method meet the 
requirements for the 45nm node for low standby power. Incorporation of silicon 
into the gadolinium oxide layers was initially attempted by introducing it during 
deposition using the ALD precursors. Gadolinium silicate layers produced this 
way were studied in an attempt to optimise the deposition parameters and it was 
discovered that the best layers were produced for the lowest deposition 
temperature and for a low number of ALD cycles. As it had been found that 
high temperature annealing could produce a good quality gadolinium silicate 
film from an e-beam evaporated pure oxide then gadolinium oxide was 
deposited using ALD with a precursor not containing silicon. The RTA was 
then performed in nitrogen for a fixed time of one second at various annealing 
temperatures. The silicon content was observed to increase non-linearly with 
increasing annealing temperature. From TEM cross sections, a relationship 
between the thickness of gadolinium silicate formed with the annealing 
temperature was extracted to allow prediction of required annealing 
temperatures for future samples undergoing complete silication. Silication of a 
gadolinium oxide layer is seen to thermally stabilise the layer in an amorphous 
phase, which is advantageous for low leakage currents. The ALD gadolinium 
silicate stacks in this study did not meet the requirements for the 45nm 
technology node for low standby power, at least in this study. However this was 
expected to be due to the ALD gadolinium oxide layers being initially much 
thicker than the e-beam evaporated layers as Gd[MeCp]3 was observed to have 
an uncertain growth rate and also the procedure of RTA with the vacuum valve 
open was not attempted for these layers. Optimisation of the deposition 
procedure should allow the ALD films to meet the stringent requirements for the 
45nm node for low power.
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6. Summary and future work
The purpose of this chapter is to discuss the implications of the presented 
results, to provide direction on what further work should be done to expand on 
the discoveries and to suggest improvements to the techniques which have been 
used. This thesis has presented results for both hafhia and gadolinium based 
materials, which are proposed as replacements for silicon dioxide as the gate 
dielectric in traditional CMOS.
In the fourth chapter of the thesis hafnium silicates were investigated in order to 
gain understanding of the relationship between the composition and the physical 
and electrical properties of the dielectric layer. A review of the topic revealed 
that little data had been published for different compositions of hafnium silicates 
using similar deposition techniques. In this study a wide range of silicate 
compositions were deposited using MOCVD on chemical interfacial oxides or 
those prepared by rapid thermal oxidation. It was shown that increasing silicon 
content within a hafnium silicate causes a decrease of the dielectric constant of 
the layer. This decrease in the dielectric constant for hafnium silicate films was 
seen to be due to a combination of the decrease of both the high frequency 
pennittivity and the lattice contributions, with the latter being the dominant 
component. It was also shown that the band-edge of the material is shifted to 
higher energies with increasing silicon content resulting in a layer with a larger 
band-gap. This latter relationship was, however, seen to be non-linear in nature 
with a significant percentage of silicon required to produce a significant increase 
in the band-gap. A shallow band of defect energy levels was observed near the 
conduction band and as expected from the literature, these levels went deeper 
into the band-gap as silicon content increased, until the film was predominantly 
composed of silicon dioxide, at which point it is proposed that hafnium oxide 
provides an energy level close to the band-edge. This observation from optical 
analysis was consistent with electrical results whereby a hafnium rich, silicate 
layer displays high capacitance density and also greater leakage current density. 
These properties imply a trade-off is required to produce an optimum material 
for gate stack usage. Since this research was carried out, it was reported that 
Intel has incorporated a hafnium based dielectric into its microprocessor devices 
for the 45nm technology node, proving its industrial viability
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Iii chapter five a novel candidate for a replacement gate dielectric system, 
namely gadolinium oxide, was investigated as part of the European integrated 
project PULLNANO with the target to meet the ITRS requirements for the 
45nm technology node for low standby power, which utilises a gate length of 
24nm. The material was initially deposited by e-beam evaporation to allow an 
easy route to samples and to develop a process for the production of an optimal 
gate stack. High temperature annealing was observed to cause silication of the 
gadolinium oxide layer which served to improve its thermal stability. An 
etching study of ultrathin thermal oxides allowed an investigation into the 
effects of the initial interfacial layer thickness on the properties of the gate 
stack. It was found that for thicker interfacial thermal oxide that the GET of the 
gate stack decreased, commensurately with initial silicon dioxide interfacial 
layer thickness. However, it was observed that for thinner initial interfacial 
layers, that GET increased after high temperature annealing and it was 
suggested that this increase was due to the presence of residual oxygen in the 
growth chamber. The latter problem was resolved by leaving the vacuum line of 
the rapid thermal processor open during annealing. This remedy allowed the 
realisation of prototype e-beam gadolinium silicate layers which met a GET of 
1.3 nm and leakage current of < 120 mA/cm2 ITRS requirements for low 
standby power application and hence allowed the academic cluster to exceed its 
targets for the PULLNANO project. The advantage to this technique is that it 
exploits the natural mixing of the interfacial and high-k layers which would 
occur during source/drain implant activation annealing in the standard CMOS 
process flow. The work then turned to the production of similar gadolinium 
silicate gate stacks using the more industrially viable ALD deposition process. 
Incorporation of silicon into the ALD gadolinium oxide layers during deposition 
was initially investigated and the process optimised using the measurement tools 
spectroscopic ellipsometry and MEIS. This procedure is feasible for 
incorporation of silicon into the high-k layer, but subsequent high temperature 
annealing during the CMOS production process would result in further 
incorporation of silicon into the layer. The silicon content could therefore 
become excessive. Due to the success and merits for the method of 
incorporation of silicon into the e-beam evaporated gadolinium oxide stacks 
during high temperature annealing, then pure ALD gadolinium oxide layers
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were deposited and exposed to rapid thermal processing. From analysis of these 
layers, it was observed from XRD that ALD gadolinium oxide layers crystallise 
at temperatures below 800°C, which is lower than those used in traditional 
processing. However, the incorporation of silicon into the layer causes the 
material to convert to a thermally stable, amorphous state. Within the time 
constraints of the European project the ALD gadolinium silicate layers did not 
meet the ITRS requirements for the 45 nm technology node (24nm gate length) 
for low standby power; however, this is not expected to be caused by any 
intrinsic problems with the ALD process, hi fact, the higher CET values of the 
ALD gadolinium silicate stacks was the result of a thicker than desired, initial 
gadolinimn oxide layer which was due to growth rate instability problems with 
the precursor used. Further work is required to develop and calibrate the 
deposition step. The process used to avoid interfacial silicon dioxide layer re­
growth in the e-beam samples was discovered too late to be applied to the ALD 
samples and so it is likely that the ALD gadolinium silicate stacks suffered 
significant CET reduction through this effect.
The research reported in the thesis has also made contributions in the use of 
spectroscopic ellipsometry as an analytical technique for these ultra-thin, sub- 
lOnm dielectric layers. In the fourth chapter it was demonstrated that thickness 
values for 2.5 nm dielectric layers could be extracted using spectroscopic 
ellipsometry. This was proven by the agreement within fractions of a 
nanometre, for thickness values obtained using HRTEM and MEIS. Also in 
chapter four a novel spectroscopic ellipsometric procedure for estimation of 
high-k density was demonstrated. The technique was used to estimate the 
density of experimental hafnium silicate layers of hafnium molecular 
composition, x, between 0.3 and 1.0 and the results were shown to be within of 
15% agreement with that extracted using XRR. The power of the technique was 
also shown in the fifth chapter where it was used in the optimisation of the 
deposition of gadolinium oxide layers with a precursor containing silicon. The 
technique showed that the density of the deposited gadolinium silicate reduced 
with increasing wafer deposition temperature and also identified an increase in 
density due to the expected fonnation of polycrystalline regions within the 
layers at the highest deposition temperatures. Finally, a method was presented to
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allow delineation of the contributions to the dielectric function of lattice and 
electronic components, using CV and SE measurements. This technique should 
be valuable when screening new high-k systems.
The research within this thesis however, is by no means complete as there is still 
much to be investigated. For the gadolinium silicate layers, the logical first step 
would to be to investigate the current mechanisms occurring within both the e- 
beam and ALD films. This could provide insight into possible defects and 
hence allow further optimisation of the layers produced by both deposition 
techniques. Also work should be carried out to optimise further the thickness 
control in the deposition of pure gadolinium oxide films by ALD to allow the 
production of layers comparable in thickness to those produced by e-beam 
evaporation. This would allow stacks containing thin ALD gadolinium oxide to 
undergo the optimised RTA procedure as used for the e-beam samples to verify 
that ALD samples could meet the ITRS requirements for the 45nm technology 
node for low standby power. Another interesting line of research on the 
gadolinium silicate layers would be to identify the source of the silicon 
incorporated within the gadolinium oxide layers during high temperature 
annealing. At present it is currently unknown if the silicon is incorporated 
purely as a result of the consumption of the interfacial layer or if there is also a 
contribution from the silicon substrate.
A further avenue of research would be to improve the density estimation 
technique which was demonstrated within this thesis. The technique uses values 
for polarizability, which is a property of the structural units occurring within 
crystalline materials. As the accuracy of the technique has only been verified 
for one amorphous material, namely hafnium silicate, then it must be further 
confirmed by analysing other amorphous layers to ascertain the applicability of 
the approach to non-crystalline materials. Another possible improvement would 
be to investigate the use of more complex optical models to extract the density 
of a film from optical data as the physical basis for the Clausius-Mosotti 
equation is somewhat simplistic. Also, many of published polarizabilities of 
materials are derived through calculation and extrapolation of only a few 
characterised materials, drawing on trends within periodic table groups. Work
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should be undertaken to measure the polarizability of such substances where 
accurate values are not yet known.
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